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PREFACE

This book has been written to support a practically oriented course in programming langua
translation for senior undergraduates in Computer Science. More specifically, it is aimed at
who are probably quite competent in the art of imperative programming (for example, in C
Pascal, or Modula-2), but whose mathematics may be a little weak; students who require o
solid introduction to the subject, so as to provide them with insight into areas of language d
and implementation, rather than a deluge of theory which they will probably never use agai
students who will enjoy fairly extensive case studies of translators for the sorts of language
which they are most familiar; students who need to be made aware of compiler writing tools
come to appreciate and know how to use them. It will hopefully also appeal to a certain cla:
hobbyist who wishes to know more about how translators work.

The reader is expected to have a good knowledge of programming in an imperative langua
preferably, a knowledge of data structures. The book is practically oriented, and the reader
cannot read and write code will have difficulty following quite a lot of the discussion. Howev
is difficult to imagine that students taking courses in compiler construction will not have that
background!

There are several excellent books already extant in this field. What is intended to distinguis
one from the others is that it attempts to mix theory and practice in a disciplined way, introd
the use of attribute grammars and compiler writing tools, at the same time giving a highly p
and pragmatic development of translators of only moderate size, yet large enough to provic
considerable challenge in the many exercises that are suggested.

Overview

The book starts with a fairly simple overview of the translation process, of the constituent p.
compiler, and of the concepts of porting and bootstrapping compilers. This is followed by a
on machine architecture and machine emulation, as later case studies make extensive use
generation for emulated machines, a very common strategy in introductory courses. The ne
chapter introduces the student to the notions of regular expressions, grammars, BNF and E
and the value of being able to specify languages concisely and accurately.

Two chapters follow that discuss simple features of assembler language, accompanied by 1
development of an assembler/interpreter system which allows not only for very simple asse
but also for conditional assembly, macro-assembly, error detection, and so on. Complete ci
such an assembler is presented in a highly modularized form, but with deliberate scope left
extensions, ranging from the trivial to the extensive.

Three chapters follow on formal syntax theory, parsing, and the manual construction of sca
and parsers. The usual classifications of grammars and restrictions on practical grammars
discussed in some detail. The material on parsing is kept to a fairly simple level, but with a
thorough discussion of the necessary conditions for LL(1) parsing. The parsing method tree
most detail is the method of recursive descent, as is found in many Pascal compilers; LR p.
only briefly discussed.



The next chapter is on syntax directed translation, and stresses to the reader the importanc
usefulness of being able to start from a context-free grammar, adding attributes and action:
allow for the manual or mechanical construction of a program that will handle the system th
defines. Obvious applications come from the field of translators, but applications in other ar
such as simple database design are also used and suggested.

The next two chapters give a thorough introduction to the use of Coco/R, a compiler gener:
based on L- attributed grammars. Besides a discussion of Cocol, the specification language
tool, several in-depth case studies are presented, and the reader is given some indication ¢
parser generators are themselves constructed.

The next two chapters discuss the construction of a recursive descent compiler for a simple
Pascal-like source language, using both hand-crafted and machine-generated techniques.
compiler produces pseudo-code for a hypothetical stack-based computer (for which an inte
was developed in an earlier chapter). "On the fly" code generation is discussed, as well as
intermediate tree construction.

The last chapters extend the simple language (and its compiler) to allow for procedures ant
functions, demonstrate the usual stack-frame approach to storage management, and go or
the implementation of simple concurrent programming. At all times the student can see hov
are handled by the compiler/interpreter system, which slowly grows in complexity and useft
until the final product enables the development of quite sophisticated programs.

The text abounds with suggestions for further exploration, and includes references to more
advanced texts where these can be followed up. Wherever it seems appropriate the opport
taken to make the reader more aware of the strong and weak points in topical imperative la
Examples are drawn from several languages, such as Pascal, Modula-2, Oberen EdisOn
and Ada.

Support software

An earlier version of this text, published by Addison-Wesley in 1986, used Pascal througho
development tool. By that stage Modula-2 had emerged as a language far better suited to ¢
programming. A number of discerning teachers and programmers adopted it enthusiastical
the material in the present book was originally and successfully developed in Modula-2. Mc
recently, and especially in the USA, one has withessed the spectacular rise in populasity of
and so as to reflect this trend, this has been adopted as the main language used in the pre:
Although offering much of value to skilled practitioners+@s a complex language. As the aim
the text is not to focus on intricate-€programming, but compiler construction, the supporting
software has been written to be as clear and as simple as possible. BesidesctideCcomplete
source for all the case studies has also been provided on an accompanying IBM-PC comp:
diskette in Turbo Pascal and Modula-2, so that readers who are proficient programmers in
languages but only have a reading knowledge+af€bould be able to use the material very
successfully.

Appendix A gives instructions for unpacking the software provided on the diskette and inste
on a reader’s computer. In the same appendix will be found the addresses of various sites
Internet where this software (and other freely available compiler construction software) can
found in various formats. The software provided on the diskette includes



® Emulators for the two virtual machines described in Chapter 4 (one of these is a simpl
accumulator based machine, the other is a simple stack based machine).

® The one- and two-pass assemblers for the accumulator based machine, discussed in

® A macro assembler for the accumulator-based machine, discussed in Chapter 7.

® Three executable versions of the Coco/R compiler generator used in the text and des:
detail in Chapter 12, along with the frame files that it needs. (The three versions prodt
Turbo Pascal, Modula-2 or G/€ compilers)

® Complete source code for hand-crafted versions of each of the versions of the Clang «
that is developed in a layered way in Chapters 14 through 18. This highly modularizec
comes with an "on the fly" code generator, and also with an alternative code generato
builds and then walks a tree representation of the intermediate code.

® Cocol grammars and support modules for the numerous case studies throughout the |
use Coco/R. These include grammars for each of the versions of the Clang compiler.

® A program for investigating the construction of minimal perfect hash functions (as disc
in Chapter 14).

® A simple demonstration of an LR parser (as discussed in Chapter 10).

Use asa cour se text

The book can be used for courses of various lengths. By choosing a selection of topics it cc
used on courses as short as 5-6 weeks (say 15-20 hours of lectures and 6 lab sessions). It
be used to support longer and more intensive courses. In our university, selected parts of tl
material have been successfully used for several years in a course of about 35 - 40 hours ¢
with strictly controlled and structured, related laboratory work, given to students in a pre-Hc
year. During that time the course has evolved significantly, from one in which theory and fo
specification played a very low key, to the present stage where students have come to app
use of specification and syntax-directed compiler-writing systems as very powerful and use
in their armoury.

It is hoped that instructors can select material from the text so as to suit courses tailored to
own interests, and to their students’ capabilities. The core of the theoretical material is to be
in Chapters 1, 2, 5, 8,9, 10 and 11, and it is suggested that this material should form part c
course based on the book. Restricting the selection of material to those chapters would der
student the very important opportunity to see the material in practice, and at least a partial
of the material in the practically oriented chapters should be studied. However, that part of
material in Chapter 4 on the accumulator-based machine, and Chapters 6 and 7 on writing
assemblers for this machine could be omitted without any loss of continuity. The developm:
the small Clang compiler in Chapters 14 through 18 is handled in a way that allows for the |
sections of Chapter 15, and for Chapters 16 through 18 to be omitted if time is short. A very
variety of laboratory exercises can be selected from those suggested as exercises, providir
students with both a challenge, and a feeling of satisfaction when they rise to meet that che
Several of these exercises are based on the idea of developing a small compiler for a langt



similar to the one discussed in detail in the text. Development of such a compiler could rely
on traditional hand-crafted techniques, or could rely entirely on a tool-based approach (bott
approaches have been successfully used at our university). If a hand-crafted approach wer
Chapters 12 and 13 could be omitted; Chapter 12 is largely a reference manual in any ever
could be left to the students to study for themselves as the need arose. Similarly, Chapter :
the category of background reading.

At our university we have also used an extended version of the Clang compiler as develope
text (one incorporating several of the extensions suggested as exercises) as a system for s
study concurrent programmirggr se, and although it is a little limited, it is more than adequat
the purpose. We have also used a slightly extended version of the assembler program very
successfully as our primary tool for introducing students to the craft of programming at the
assembler level.

Limitations

It is, perhaps, worth a slight digression to point out some things which the book does not cli
be, and to justify some of the decisions made in the selection of material.

In the first place, while it is hoped that it will serve as a useful foundation for students who ¢
already considerably more advanced, a primary aim has been to make the material as acce
possible to students with a fairly limited background, to enhance the background, and to m:
somewhat more critical of it. In many cases this background is still Pascal based; increasin
tending to become+G based. Both of these languages have become rather large and compl
| have found that many students have a very superficial idea of how they really fit together.
course such as this one, many of the pieces of the language jigsaw fit together rather bette

When introducing the use of compiler writing tools, one might follow the many authors who
espouse the classic lex/yacc approach. However, there are now a number of excellent LL(Z
tools, and these have the advantage that the code which is produced is close to that which
hand-crafted; at the same time, recursive descent parsing, besides being fairly intuitive, is |
enough to handle very usable languages.

That the languages used in case studies and their translators are relative toys cannot be de¢
Clang language of later chapters, for example, supports only integer variables and simple

one-dimensional arrays of these, and has concurrent features allowing little beyond the sirr
of some simple textbook examples. The text is not intended to be a comprehensive treatise
systems programming in general, just on certain selected topics in that area, and so very lit
about native machine code generation and optimization, linkers and loaders, the interactior
relationship with an operating system, and so on. These decisions were all taken deliberate
keep the material readily understandable and as machine-independent as possible. The sy
be toys, but they are very usable toys! Of course the book is then open to the criticism that
the more difficult topics in translation (such as code generation and optimization) are effect
not covered at all, and that the student may be deluded into thinking that these areas do nc
This is not entirely true; the careful reader will find most of these topics mentioned somewh

Good teachers will always want to put something of their own into a course, regardless of tl
quality of the prescribed textbook. | have found that a useful (though at times highly danger
technique is deliberately not to give the best solutions to a problem in a class discussion, w



optimistic aim that students can be persuaded to "discover" them for themselves, and even
sense of achievement in so doing. When applied to a book the technique is particularly dar
but | have tried to exploit it on several occasions, even though it may give the impression tr
author is ignorant.

Another dangerous strategy is to give too much away, especially in a book like this aimed &
courses where, so far as | am aware, the traditional approach requires that students make
of the design decisions for themselves than my approach seems to allow them. Many of the
in the field do not show enough of how something is actually done: the bridge between whe
give and what the student is required to produce is in excess of what is reasonable for a co
which is only part of a general curriculum. | have tried to compensate by suggesting what |
a very wide range of searching exercises. The solutions to some of these are well known, &
available in the literature. Again, the decision to omit explicit references was deliberate (pel
dangerously so). Teachers often have to find some way of persuading the students to sear:
literature for themselves, and this is not done by simply opening the journal at the right pag
them.
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1 INTRODUCTION

1.1 Objectives

The use of computer languages is an essential link in the chain between human and compi
this text we hope to make the reader more aware of some aspects of

® Imperative programming languages - their syntactic and semantic features; the ways «
specifying syntax and semantics; problem areas and ambiguities; the power and usefi
various features of a language.

® Translators for programming languages - the various classes of translator (assembler:
compilers, interpreters); implementation of translators.

® Compiler generators - tools that are available to help automate the construction of trai
for programming languages.

This book is a complete revision of an earlier one published by Addison-Wesley (Terry, 19¢
has been written so as not to be too theoretical, but to relate easily to languages which the
already knows or can readily understand, like Pascal, Modula-2, €&off@e reader is expectec
to have a good background in one of those languages, access to a good implementation of
preferably, some background in assembly language programming and simple machine arcl
We shall rely quite heavily on this background, especially on the understanding the reader
have of the meaning of various programming constructs.

Significant parts of the text concern themselves with case studies of actual translators for s
languages. Other important parts of the text are to be found in the many exercises and sug
for further study and experimentation on the part of the reader. In short, the emphasis is on
rather than just "reading”, and the reader who does not attempt the exercises will miss mar
most, of the finer points.

The primary language used in the implementation of our case studies ([St@ustrup, 1990).
Machine readable source code for all these case studies is to be found on the IBM-PC cornr
diskette that is included with the book. As well as @ersions of this code, we have provided
equivalent source in Modula-2 and Turbo Pascal, two other languages that are eminently s
for use in a course of this nature. Indeed, for clarity, some of the discussion is presented in
pseudo-code that often resembles Modula-2 rather more than it deds i€ only fair to warn the
reader that the code extracts in the book are often just that - extracts - and that there are m
instances where identifiers are used whose meaning may not be immediately apparent fror
local context. The conscientious reader will have to expend some effort in browsing the coc
Complete source for an assembler and interpreter appears in the appendices, but the disct
often revolves around simplified versions of these programs that are found in their entirety «
the diskette.




1.2 Systems programs and translators

Users of modern computing systems can be divided into two broad categories. There are tt
never develop their own programs, but simply use ones developed by others. Then there a
who are concerned as much with the development of programs as with their subsequent us
latter group - of whom we as computer scientists form a part - is fortunate in that program
development is usually aided by the use of high-level languages for expressing algorithms,
of interactive editors for program entry and modification, and the use of sophisticated job cc
languages or graphical user interfaces for control of execution. Programmers armed with st
have a very different picture of computer systems from those who are presented with the hi
alone, since the use of compilers, editors and operating systems - a class of tools known g
assystems programs - removes from humans the burden of developing their systems at the
machine level. That is not to claim that the use of such tools removes all burdens, or all pos
for error, as the reader will be well aware.

Well within living memory, much program development was done in machine language - in
some of it, of necessity, still is - and perhaps some readers have even tried this for themse|
experimenting with microprocessors. Just a brief exposure to programs written as almost

meaningless collections of binary or hexadecimal digits is usually enough to make one grat
the presence of high-level languages, clumsy and irritating though some of their features m

However, in order for high-level languages to be usable, one must be able to convert progr
written in them into the binary or hexadecimal digits and bitstrings that a machine will undel
At an early stage it was realized that if constraints were put on the syntax of a high-level lar
the translation process became one that could be automated. This led to the development
trandators or compilers - programs which accept (as data) a textual representation of an al¢
expressed in sour ce language, and which produce (as primary output) a representation of th
same algorithm expressed in another languagelieet or tar get language.

Beginners often fail to distinguish between the compilattompile-time) and executionr(in-time)
phases in developing and using programs written in high-level languages. This is an easy t
into, since the translation (compilation) is often hidden from sight, or invoked with a special
function key from within an integrated development environment that may possess many oi
magic function keys. Furthermore, beginners are often taught programming with this distinc
deliberately blurred, their teachers offering explanations such as "when a computer exeszle
statement it reads a number from the input data into a variable". This hides several low-lev
operations from the beginner. The underlying implications of file handling, character conver
and storage allocation are glibly ignored - as indeed is the necessity for the computer to be
programmed to understand the woedd in the first place. Anyone who has attempted to prog
input/output (I/O) operations directly in assembler languages will know that many of them a
non-trivial to implement.

A translator, being a program in its own right, must itself be written in a computer language
as itshost orimplementation language. Today it is rare to find translators that have been
developed from scratch in machine language. Clearly the first translators had to be written
way, and at the outset of translator development for any new system one has to come to te
the machine language and machine architecture for that system. Even so, translators for ne
machines are now invariably developed in high-level languages, often using the techniques
cross-compilation andbootstrapping that will be discussed in more detail later.

The first major translators written may well have been the Fortran compilers developed by |



and his colleagues at IBM in the 1950’s, although machine code development aids were in
existence by then. The first Fortran compiler is estimated to have taken about 18 person-ye
effort. It is interesting to note that one of the primary concerns of the team was to develop ¢
that could produce object code whose efficiency of execution would compare favourably wi
which expert human machine coders could achieve. An automatic translation process can i
produce code as optimal as can be written by a really skilled user of machine language, an
day important components of systems are often developed at (or very near to) machine lev
interests of saving time or space.

Translator programs themselves are never completely portable (although parts of them ma
they usually depend to some extent on other systems programs that the user has at his or |
disposal. In particular, input/output and file management on modern computer systems are
controlled by theoperating system. This is a program or suite of programs and routines whos
it is to control the execution of other programs so as best to share resources such as printe
plotters, disk files and tapes, often making use of sophisticated techniques such as parallel
processing, multiprogramming and so on. For many years the development of operating sy
required the use of programming languages that remained closer to the machine code leve
languages suitable for scientific or commercial programming. More recently a number of su
higher level languages have been developed with the express purpose of catering for the d
operating systems and real-time control. The most obvious example of such a language is

developed originally for the implementation of the UNIX operating system, and now widely

all areas of computing.

1.3 Therelationship between high-level languages and translators

The reader will rapidly become aware that the design and implementation of translators is ¢
that may be developed from many possible angles and approaches. The same is true for tf
of programming languages.

Computer languages are generally classed as being "high-level” (like Pascal, Fortran, Ada,
Modula-2, Oberon, C or€) or "low-level" (like ASSEMBLER). High-level languages may
further be classified as "imperative” (like all of those just mentioned), or "functional” (like Lis
Scheme, ML, or Haskell), or "logic" (like Prolog).

High-level languages are claimed to possess several advantages over low-level ones:

® Readability: A good high-level language will allow programs to be written that in some
resemble a quasi-English description of the underlying algorithms. If care is taken, the
may be done in a way that is essentially self-documenting, a highly desirable property
one considers that many programs are written once, but possibly studied by humans i
times thereatfter.

® Portability: High-level languages, being essentially machine independent, hold out the
promise of being used to develop portable software. This is software that can, in princ
(and even occasionally in practice), run unchanged on a variety of different machines
provided only that the source code is recompiled as it moves from machine to machin

To achieve machine independence, high-level languages may deny access to low-lev
features, and are sometimes spurned by programmers who have to develop low-level
dependent systems. However, some languages, like C and Modula-2, were specificall
designed to allow access to these features from within the context of high-level constr



® Sructure and object orientation: There is general agreement that the structured progran
movement of the 1960’s and the object-oriented movement of the 1990’s have resulte
great improvement in the quality and reliability of code. High-level languages can be
designed so as to encourage or even subtly enforce these programming paradigms.

® Generality: Most high-level languages allow the writing of a wide variety of programs, 1
relieving the programmer of the need to become expert in many diverse languages.

® Brevity: Programs expressed in high-level languages are often considerably shorter (it
of their number of source lines) than their low-level equivalents.

® Error checking: Being human, a programmer is likely to make many mistakes in the
development of a computer program. Many high-level languages - or at least their
implementations - can, and often do, enforce a great deal of error checking both at
compile-time and at run-time. For this they are, of course, often criticized by programr
who have to develop time-critical code, or who want their programs to abort as quickly
possible.

These advantages sometimes appear to be over-rated, or at any rate, hard to reconcile witl
For example, readability is usually within the confines of a rather stilted style, and some be:
are disillusioned when they find just how unnatural a high-level language is. Similarly, the
generality of many languages is confined to relatively narrow areas, and programmers are -
dismayed when they find areas (like string handling in standard Pascal) which seem to be \
poorly handled. The explanation is often to be found in the close coupling between the dew:
of high-level languages and of their translators. When one examines successful languages
numerous examples of compromise, dictated largely by the need to accommodate languag
rather uncompromising, if not unsuitable, machine architectures. To a lesser extent, comprt
also dictated by the quirks of the interface to established operating systems on machines. |
some appealing language features turn out to be either impossibly difficult to implement, or
expensive to justify in terms of the machine resources needed. It may not immediately be a
that the design of Pascal (and of several of its successors such as Modula-2 and Oberon) \
governed partly by a desire to make it easy to compile. It is a tribute to its designer that, in
the limitations which this desire naturally introduced, Pascal became so popular, the model
many other languages and extensions, and encouraged the development of superfast com
as are found in Borland’s Turbo Pascal and Delphi systems.

The design of a programming language requires a high degree of skill and judgement. The
evidence to show that one’s language is not only useful for expressing one’s ideas. Becaus
language is also used to formulate and develop ideas, one’s knowledge of language largely
determine$ow and, indeedwhat one can think. In the case of programming languages, there
been much controversy over this. For example, in languages like Fortran - for |bimgube
franca of the scientific computing community - recursive algorithms were "difficult” to use (n
impossible, just difficult!), with the result that many programmers brought up on Fortran fou
recursion strange and difficult, even something to be avoided at all costs. It is true that rect
algorithms are sometimes "inefficient”, and that compilers for languages which allow recurs
may exacerbate this; on the other hand it is also true that some algorithms are more simply
explained in a recursive way than in one which depends on explicit repetition (the best exal
probably being those associated with tree manipulation).

There are two divergent schools of thought as to how programming languages should be d
The one, typified by the Wirth school, stresses that languages should be small and underst



and that much time should be spent in consideration of what tempting features might be on
without crippling the language as a vehicle for system development. The other, beloved of
languages designed by committees with the desire to please everyone, packs a language f
every conceivable potentially useful feature. Both schools claim success. The Wirth school
given us Pascal, Modula-2 and Oberon, all of which have had an enormous effect on the th
computer scientists. The other approach has given us Ada, G-andi@ich are far more difficult
to master well and extremely complicated to implement correctly, but which claim spectacu
successes in the marketplace.

Other aspects of language design that contribute to success include the following:

® Orthogonality: Good languages tend to have a small number of well thought out featur
can be combined in a logical way to supply more powerful building blocks. Ideally thes
features should not interfere with one another, and should not be hedged about by a I
inconsistencies, exceptional cases and arbitrary restrictions. Most languages have ble
for example, in Wirth’s original Pascal a function could only return a scalar value, not (
any structured type. Many potentially attractive extensions to well-established languac
prove to be extremely vulnerable to unfortunate oversights in this regard.

® Familiar notation: Most computers are "binary" in nature. Blessed with ten toes on whi
check out their number-crunching programs, humans may be somewhat relieved that
high-level languages usually make decimal arithmetic the rule, rather than the excepti
provide for mathematical operations in a notation consistent with standard mathemati
When new languages are proposed, these often take the form of derivatives or dialect
well-established ones, so that programmers can be tempted to migrate to the new lan
and still feel largely at home - this was the route taken in developindr@n C, Java from
C++, and Oberon from Modula-2, for example.

Besides meeting the ones mentioned above, a successful modern high-level language will
been designed to meet the following additional criteria:

® Clearly defined: It must be clearly described, for the benefit of both the user and the co
writer.

® Quickly trandlated: It should admit quick translation, so that program development time
using the language is not excessive.

® Modularity: It is desirable that programs can be developed in the language as a collec
separately compiled modules, with appropriate mechanisms for ensuring self-consiste
between these modules.

® Efficient: It should permit the generation of efficient object code.

® Widely available: It should be possible to provide translators for all the major machines
for all the major operating systems.

The importance of a clear language description or specification cannot be over-emphasizec
must apply, firstly, to the so-callegintax of the language - that is, it must specify accurately v
form a source program may assume. It must apply, secondly, to the scstallesemantics of

the language - for example, it must be clear what constraints must be placed on the use of
differing types, or the scope that various identifiers have across the program text. Finally, tt



specification must also apply to tbgnamic semantics of programs that satisfy the syntactic ar
static semantic rules - that is, it must be capable of predicting the effect any program expre
that language will have when it is executed.

Programming language description is extremely difficult to do accurately, especially if it is
attempted through the medium of potentially confusing languages like English. There is an
increasing trend towards the use of formalism for this purpose, some of which will be illustr:
later chapters. Formal methods have the advantage of precision, since they make use of th
defined notations of mathematics. To offset this, they may be somewhat daunting to progra
weak in mathematics, and do not necessarily have the advantage of being very concise - fc
example, the informal description of Modula-2 (albeit slightly ambiguous in places) took onl
35 pages (Wirth, 1985), while a formal description prepared by an ISO committee runs to o
pages.

Formal specifications have the added advantage that, in principle, and to a growing degree
practice, they may be used to help automate the implementation of translators for the langt
Indeed, it is increasingly rare to find modern compilers that have been implemented withou
help of so-calledompiler generators. These are programs that take a formal description of tt
syntax and semantics of a programming language as input, and produce major parts of a ¢
for that language as output. We shall illustrate the use of compiler generators at appropriat
in our discussion, although we shall also show how compilers may be crafted by hand.

Exercises

1.1 Make a list of as many translators as you can think of that can be found on your compu
system.

1.2 Make a list of as many other systems programs (and their functions) as you can think o
be found on your computer system.

1.3 Make a list of existing features in your favourite (or least favourite) programming langue
you find irksome. Make a similar list of features that you would like to have seen added. Th
examine your lists and consider which of the features are probably related to the difficulty ©
implementation.

Further reading

As we proceed, we hope to make the reader more aware of some of the points raised in thi
Language design is a difficult area, and much has been, and continues to be, written on the
The reader might like to refer to the books by Tremblay and Sorenson (1985), Watson (19¢
Watt (1991) for readable summaries of the subject, and to the papers by Wirth (1974, 1976
1988a), Kernighan (1981), Welsh, Sneeringer and Hoare (1977), and Cailliau (1982). Intere
background on several well-known languages can be fouA@ih S GPLAN Notices for August
1978 and March 1993 (Lee and Sammet, 1978, 1993), two special issues of that journal de
the history of programming language development. Stroustrup (1993) gives a fascinating e:
of the development of G, arguably the most widely used language at the present time. The
"static semantics” and "dynamic semantics" are not used by all authors; for a discussion on
point see the paper by Meek (1990).
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2 TRANSLATOR CLASSIFICATION AND STRUCTURE

In this chapter we provide the reader with an overview of the inner structure of translators, i
some idea of how they are classified.

A translator may formally be defined as a function, whose domain is a source language, an
range is contained in an object or target language.

Souyrce language ———F Translator ——F Target language
instruct ions instruct ions

A little experience with translators will reveal that it is rarely considered part of the translato
function to execute the algorithm expressed by the source, merely to change its representa
one form to another. In fact, at least three languages are involved in the development of tra
the source language to be translated, the object or target language to be generated, and th
language to be used for implementing the translator. If the translation takes place in severa
there may even be other, intermediate, languages. Most of these - and, indeed, the host lal
and object languages themselves - usually remain hidden from a user of the source langua

2.1 T-diagrams

A useful notation for describing a computer program, particularly a translator, uses so-calle
T-diagrams, examples of which are shown in Figure 2.1.

i FProgram Mame
Data inputs _—t Data outputs

ImElementatlnn
anguage

Trans lator Mame
Source Language + Target Language

o=t

Translator
| Language ‘

TPC.EXE
Turbo Pascal ———— S086 M-code

2025 M-code

Figure 2.1 T-dizgrams. (&l A general program (B a2 general translator
[z) A Turbo Pascal compiler for an MS-D05 sustem

We shall use the notation "M-code" to stand for "machine code" in these diagrams. Transla
itself is represented by standing the T on a machine, and placing the source program and ¢
program on the left and right arms, as depicted in Figure 2.2.



TFC.EXE
FROG.FRS Turbo Pascal —————— 8836 M-code FROG. EXE

8836 M-code

28488 Machine

Figure 2.2 A Turbo Pascal compilation on an 88436 machine

We can also regard this particular combination as depictifpsinact machine (sometimes calle
avirtual machine), whose aim in life is to convert Turbo Pascal source programs into their €
machine code equivalents.

T-diagrams were first introduced by Bratman (1961). They were further refined by Earley ai
Sturgis (1970), and are also used in the books by Bennett (1990), Watt (1993), and Aho, Si
Uliman (1986).

2.2 Classes of tranglator
It is common to distinguish between several well-established classes of translator:

® The termassembler is usually associated with those translators that map low-level lang
instructions into machine code which can then be executed directly. Individual source
language statements usually map one-for-one to machine-level instructions.

® The termmacro-assembler is also associated with those translators that map low-level
language instructions into machine code, and is a variation on the above. Most source
language statements map one- for-one into their target language equivalents, buagan
statements map into a sequence of machine- level instructions - effectively providing :
replacement facility, and thereby extending the assembly language to suit the user. (T
not to be confused with the use of procedures or other subprograms to "extend" high-
languages, because the method of implementation is usually very different.)

® The termcompiler is usually associated with those translators that map high-level lang
instructions into machine code which can then be executed directly. Individual source
language statements usually map into many machine-level instructions.

® The termpre-processor is usually associated with those translators that map a superse
high-level language into the original high-level language, or that perform simple text
substitutions before translation takes place. The best-known pre-processor is probabl
which forms an integral part of implementations of the language C, and which provide
of the features that contribute to the widely- held perception that C is the only really pc
language.

® The termhigh-level trandator is often associated with those translators that map one
high-level language into another high-level language - usually one for which sophistic:
compilers already exist on a range of machines. Such translators are particularly usef
components of a two-stage compiling system, or in assisting with the bootstrapping
techniques to be discussed shortly.



® The termglecompiler anddisassembler refer to translators which attempt to take object
code at a low level and regenerate source code at a higher level. While this can be dc
successfully for the production of assembler level code, it is much more difficult when
tries to recreate source code originally written in, say, Pascal.

Many translators generate code for their host machines. These aresdélieddent trandators.
Others, known asross-tranglators, generate code for machines other than the host machine
Cross-translators are often used in connection with microcomputers, especially in embedde
systems, which may themselves be too small to allow self-resident translators to operate
satisfactorily. Of course, cross-translation introduces additional problems in connection witt
transferring the object code from the donor machine to the machine that is to execute the tr
program, and can lead to delays and frustration in program development.

The output of some translators is absolute machine code, left loaded at fixed locations in a
ready for immediate execution. Other translators, knowoaalsand-go translators, may even
initiate execution of this code. However, a great many translators do not produce fixed-add
machine code. Rather, they produce something closely akin to it, knasmiasmpiled or
binary symbolic or relocatable form. A frequent use for this is in the development of compos
libraries of special purpose routines, possibly originating from a mixture of source language
Routines compiled in this way are linked together by programs daileatje editors or linkers,
which may be regarded almost as providing the final stage for a multi-stage translator. Lang
that encourage the separate compilation of parts of a program - like Modula-2+andepend
critically on the existence of such linkers, as the reader is doubtless aware. For developing
large software projects such systems are invaluable, although for the sort of "throw away" [
on which most students cut their teeth, they can initially appear to be a nuisance, because
overheads of managing several files, and of the time taken to link their contents together.

T-diagrams can be combined to show the interdependence of translators, loaders and so o
example, the FST Modula-2 system makes use of a compiler and linker as shown in Figure

MZCOMF. EXE
FROG,. MOD Modu la—2 ———— m2o0 code FROG. M20

SOZE
M-code

M2ZLIME .. EXE
Library —| m2o code —— 2025 M-code FROG. EXE

SE2E
M-code

Figure 2.2 Compiling and linking Modula-2 progream on the FST swstem

Exercises
2.1 Make a list of as many translators as you can think of that can be found on your systerr
2.2 Which of the translators known to you are of the load-and-go type?

2.3 Do you know whether any of the translators you use produce relocatable code? Is this
standard form? Do you know the names of the linkage editors or loaders used on your syst



2.4 Are there any pre-processors on your system? What are they used for?

2.3 Phasesin trandation

Translators are highly complex programs, and it is unreasonable to consider the translation
as occurring in a single step. It is usual to regard it as divided into a seplessed. The simplest
breakdown recognizes that there isaaalytic phase, in which the source program is analysed
determine whether it meets the syntactic and static semantic constraints imposed by the lal
This is followed by a&ynthetic phase in which the corresponding object code is generated in 1
target language. The components of the translator that handle these two major phases are
comprise thdront end and theback end of the compiler. The front end is largely independent
the target machine, the back end depends very heavily on the target machine. Within this s
we can recognize smaller components or phases, as shown in Figure 2.4.

Source code

— Character handler (non-portable)l —

Analytic Lexnical anal#zer
phase [Scanner

[Front end) Suntax anal#aer‘

[Parser

Table — Constraint analyzer ———————— Error
— handler [Static semantic analvzer) reporter

— Intermediate code generator

Sﬁnthetlc Code optimizer
phase

[Back end) Code generator (non-portablel

= Peephole optimizer (non-portablel

Object code
Figure 2.4 Structure and phases of a compiler

Thecharacter handler is the section that communicates with the outside world, through the
operating system, to read in the characters that make up the source text. As character sets
handling vary from system to system, this phase is often machine or operating system dep

Thelexical analyser or scanner is the section that fuses characters of the source text into grc
that logically make up thikens of the language - symbols like identifiers, strings, numeric
constants, keywords likehi | e andi f, operators likes=, and so on. Some of these symbols are
very simply represented on the output from the scanner, some need to be associated with
properties such as their names or values.

Lexical analysis is sometimes easy, and at other times not. For example, the Modula-2 stat
WHLEA>3* BDOA:=A- 1END
easily decodes into tokens

WH LE keywor d
A identifier nane A



> oper at or conpari son
3 constant literal val ue 3

* oper at or mul tiplication
B identifier nane B

DO keywor d

A identifier nane A

1= oper at or assi gnnent
A identifier nane A

- oper at or subtraction
1 constant literal val ue 1

END keywor d

as we read it from left to right, but the Fortran statement
10 DO 201 =1 . 30

is more deceptive. Readers familiar with Fortran might see it as decoding into

10 | abel
DO keywor d
20 stat ement | abel

| | NTEGER i dentifier
= assi gnment oper at or
1 I NTEGER constant literal

, separ at or
30 I NTEGER constant literal

while those who enjoy perversity might like to see it as it really is:

10 | abel

DC20I REAL identifier

= assi gnment operat or
1.30 REAL constant literal

One has to look quite hard to distinguish the period from the "expected" comma. (Spaces a
irrelevant in Fortran; one would, of coutseperverse to use identifiers with unnecessary and
highly suggestive spaces in them.) While languages like Pascal, Modula-2-ahdve been

cleverly designed so that lexical analysis can be clearly separated from the rest of the anal
same is obviously not true of Fortran and other languages that do not have reserved keywc

Thesyntax analyser or parser groups the tokens produced by the scanner into syntactic stru
- which it does by parsing expressions and statements. (This is analogous to a human anal
sentence to find components like "subject”, "object” and "dependent clauses"). Often the ps¢
combined with theontextual constraint analyser, whose job it is to determine that the
components of the syntactic structures satisfy such things as scope rules and type rules wi
context of the structure being analysed. For example, in Modula-2 the syntekité statement |
sometimes described as

WHI LE Expression DO StatenentSequence END

It is reasonable to think of a statement in the above form with any typgassion as being
syntactically correct, but as being devoid of real meaning unless the valueegpitbssion is
constrained (in this context) to be of the Boolean type. No program really has any meaning
is executed dynamically. However, it is possible with strongly typed languages to predict at
compile-time that some source programs can have no sensible meaning (that is, statically,
attempt is made to execute the program dynamically). Semantics is a term used to describe
"meaning”, and so the constraint analyser is often callestdtie semantic analyser, or simply
the semantic analyser.

The output of the syntax analyser and semantic analyser phases is sometimes expressed i
of a decoratedbstract syntax tree (AST). This is a very useful representation, as it can be us
clever ways to optimize code generation at a later stage.



Whereas theoncrete syntax of many programming languages incorporates many keywords
tokens, thabstract syntax is rather simpler, retaining only those components of the languag
needed to capture the real content and (ultimately) meaning of the program. For example, \
the concrete syntax ofvehile statement requires the presencerofiE, DO andeEND as shown
above, the essential components ofwhde statement are simply the (Booled&Xpression and the
statements comprising ti8atementSequence.

Thus the Modula-2 statement

WHLE (1L<P) AND (P<9) DO P:=P+Q END
or its G++ equivalent

while (1 <P& P<9 P=P+Q

are both depicted by the common AST shown in Figure 2.5.

| [WhileStatement)

[Expression) | | [Assignment]

[Factor) [— disjunct ion —] [Factorl (Designatord assign ——1 [Expression)
< < +
[ [ [
1 F F 9 P P o

Figure 2.5 HAST for the statement while (1 < P &% P < 219 P = P + 03

An abstract syntax tree on its own is devoid of some semantic detail; the semantic analysel
task of adding "type" and other contextual information to the various nodes (hence the termr
"decorated" tree).

Sometimes, as for example in the case of most Pascal compilers, the construction of such .
not explicit, but remains implicit in the recursive calls to procedures that perform the syntax
semantic analysis.

Of course, it is also possible to construct concrete syntax trees. The Modula-2 form of the <
WHLE (1 <P) AND (P<9) DO P:=P+Q END

could be depicted in full and tedious detail by the tree shown in Figure 2.6. The reader may
make reference to Modula-2 syntax diagrams and the knowledge of Modula-2 precedence
understand why the tree looks so complicated.



Statement
|
WhileStatenent
|
I [ | | |
WHILE Exupression 00 StatementSequence EHD

|
Statement
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Assignment

SimpleEnpression | I |

| Ua?Lable HS EHDT?SEan
Term Identifier (P) SimpleEdpression
I
Factor ArHD Factor TETN + TETN
|
! I i | . Factor Factor
Expression 1 [ Expression ) |

|
Identifier (F] Identifier (G

SimpleExdpression < SimpleExpression  SimpleFipression < SimpleEdpression

Term TeTm TeTm Term
I |
Factor Factor Factor Factor
| I |
MHumber (1] Identifier (F) Identifier (F) Humber (3]
Figure 2.6 Conpcrete syntay tres for the statement
WHILE (1 < P} AMD (F < 9 DO F := F + & EMD

The phases just discussed are all analytic in nature. The ones that follow are more syntheti
first of these might be anter mediate code generator, which, in practice, may also be integrat
with earlier phases, or omitted altogether in the case of some very simple translators. It use
data structures produced by the earlier phases to generate a form of code, perhaps in the f
simple code skeletons or macros, or ASSEMBLER or even high-level code for processing |
external assembler or separate compiler. The major difference between intermediate code
actual machine code is that intermediate code need not specify in detail such things as the
machine registers to be used, the exact addresses to be referred to, and so on.

Our example statement
WHLE (1 <P) AND (P<9) DO P:=P+Q END

might produce intermediate code equivalent to

LO if 1 <Pgoto L1
goto L3

L1 if P<9 goto L2
goto L3

L2 P:=P+Q
goto LO

L3 conti nue

Then again, it might produce something like

LO T1:=1<P
T2 :=P<9
if Tl and T2 goto L1
goto L2
L1 P:=P+Q
goto LO
L2 conti nue

depending on whether the implementors of the translator use the soseglietial conjunction or
short-circuit approach to handling compound Boolean expressions (as in the first case) or tl
so-calledBoolean operator approach. The reader will recall that Modula-2 are @quire the

short-circuit approach. However, the very similar language Pascal did not specify that one «



be preferred above the other.

A code optimizer may optionally be provided, in an attempt to improve the intermediate cod
the interests of speed or space or both. To use the same example as before, obvious optin
would lead to code equivalent to

LO if 1 > P goto L1
if P>= 9 goto L1
P:=P+Q
goto LO

L1 continue

The most important phase in the back end is the responsibility cddegener ator. In a real
compiler this phase takes the output from the previous phase and produces the object code
deciding on the memory locations for data, generating code to access such locations, selec
registers for intermediate calculations and indexing, and so on. Clearly this is a phase whic
for much skill and attention to detalil, if the finished product is to be at all efficient. Some tral
go on to a further phase by incorporating a so-cg@éeghole optimizer in which attempts are
made to reduce unnecessary operations still further by examining short sequences of gene
in closer detail.

Below we list the actual code generated by various MS-DOS compilers for this statement. |
readily apparent that the code generation phases in these compilers are markedly different
differences can have a profound effect on program size and execution speed.

Borland C++ 3.1 (47 bytes) Turbo Pascal (46 bytes)
(with no short circuit eval uation)

CS: A0 BBB702 MOV BX, 02B7 CS: 09 833E3E0009 CWP WORD PTR[ 003F], 9
CS: A3 C746FE5100 MOV WORD PTR] BP- 2], 0051 CS: OE 7C04 JL 14

CS: A8 EBO7 JWP Bl CS: 10 B00O MOV AL, O

CS: AA 8BC3 MOV AX BX CS: 12 EB02 JMP 16

CS: AC 0346FE ADD AX, [ BP-2] CS: 14 B00O1 MOV AL, 1

CS: AF 8BD8 MOV BX, AX CS: 16 8ADO MOV DL, AL

CS: B1 83FB01 CwWw BX, 1 CS: 18 833E3E0001 CWP  WORD PTR[ 003F], 1
CS: B4 7EO5 JLE BB CS: 1D 7F04 JG 23

CS: B6 B80100 MOV AX 1 CS: 1F B00O MOV AL, O

CS: B9 EB02 JMP  BD CS: 21 EBO2 JMWP 25

CS: BB 33C0 XOR  AX, AX CS: 23 B001 MOV AL, 01

CS: BD 50 PUSH AX CS: 25 222 AND AL, DL

CS: BE 83FB09 CwW BX 9 CS: 27 08C0 OR AL AL

CS: C1 7D05 JGE C8 CS: 29 740C Jz 37

Cs: C3 B80100 MOV AX 1 CS: 2B A13EO00 MOV AX, [ 003F]
CS: C6 EBO2 JMP CA CS: 2E 03064000 ADD AX, [0040]
CS: C8 33C0 XOR AX, AX CS: 32 A33E00 MOV [ 003FE], AX
CS: CA 5A POP DX CS: 35 EBD2 JMWP 9

CS: CB 85D0 TEST DX, AX

Cs: CD 75DB IJNZ  AA

JPI TopSpeed Mddul a-2 (29 bytes) St ony Brook Qui ckMbd (24 bytes)
CS: 19 2E Cs: CS: 69 BB2D00 MOV BX, 2D

CS: 1A 8E1E2700 MOV DS, [ 0027] CS: 6C B90200 MOV CX 2

CS: 1E 833E000001 CWP  WORD PTR[ 0000], 1 CS: 6F E90200 JMP 74

CS: 23 7El1 JLE 36 CS: 72 01D9 ADD CX BX

CS: 25 833E000009 CWP  WORD PTR[ 0000], 9 CS: 74 83F901 Cw CX 1

CS: 2A 7D0A JGE 36 CS: 77 7F03 JG 7C

CS: 2C 8B0OE0200 MOV CX, [ 0002] CS: 79 E90500 JWP 81

CS: 30 010EOC000 ADD [0000], CX CS: 7C 83F909 Cw CX 9

CS: 34 EBE3 JMWP 19 CS: 7F 7CF1 JL 72

A translator inevitably makes use of a complex data structure, knownsgsribel table, in which
it keeps track of the names used by the program, and associated properties for these, suct
type, and their storage requirements (in the case of variables), or their values (in the case ¢
constants).



As is well known, users of high-level languages are apt to make many errors in the develog
even quite simple programs. Thus the various phases of a compiler, especially the earlier c
communicate with aerror handler anderror reporter which are invoked when errors are

detected. It is desirable that compilation of erroneous programs be continued, if possible, s
user can clean several errors out of the source before recompiling. This raises very interest
issues regarding the designeofor recovery anderror correction techniques. (We speak of eri
recovery when the translation process attempts to carry on after detecting an error, and of «
correction or error repair when it attempts to correct the error from context - usually a conte
subject, as the correction may be nothing like what the programmer originally had in mind.)

Error detection at compile-time in the source code must not be confused with error detectio
run-time when executing the object code. Many code generators are responsible for addinc
error-checking code to the object program (to check that subscripts for arrays stay in bounc
example). This may be quite rudimentary, or it may involve adding considerable code and ¢
structures for use with sophisticated debugging systems. Such ancillary code can drasticall
the efficiency of a program, and some compilers allow it to be suppressed.

Sometimes mistakes in a program that are detected at compile-time are kreovansaand errors
that show up at run-time are knowneaseptions, but there is no universally agreed terminolog
for this.

Figure 2.4 seems to imply that compilers work serially, and that each phase communicates
next by means of a suitable intermediate language, but in practice the distinction between t
various phases often becomes a little blurred. Moreover, many compilers are actually consi
around a central parser as the dominant component, with a structure rather more like the o
Figure 2.7.

[produces] L
Source code ———X Source Handler ———————— Source Listing
Error Listing

+
[produces)
[will calll
[may calll
Lexical Analwzer H Error Reporter
lwill czalll [may calll [may calll
[will zalll
Suntad~Semantic Analyzer ¥ Code Generator

Object code
Figure 2.7 Structure of a parser—directed compiler

Exercises

2.5 What sort of problems can you foresee a Fortran compiler having in analysing statemer
beginning

4,
IF (3 .EEQ. MAX) GOTO ......
100  FORMAT( X3H) =( | 5)

2.6 What sort of code woulgbu have produced had you been coding a statementitkeE (1 <



P) AND (P < 9) DOP := P + Q END"Iinto your favourite ASSEMBLER language?

2.7 Draw the concrete syntax tree for the @ersion of thavhile statement used for illustration
this section.

2.8 Are there any reasons why short-circuit evaluation should be preferred over the Boolea
operator approach? Can you think of any algorithms that would depend critically on which
approach was adopted?

2.9 Write down a few other high-level constructs and try to imagine what sort of
ASSEMBLER-like machine code a compiler would produce for them.

2.10 What do you suppose makes it relatively easy to compile Pascal? Can you think of an
of Pascal which could prove really difficult?

2.11 We have used two undefined terms which at first seem interchangeable, namely "sep:
"independent” compilation. See if you can discover what the differences are.

2.12 Many development systems - in particular debuggers - allow a user to examine the ob
produced by a compiler. If you have access to one of these, try writing a few very simple (s
statement) programs, and look at the sort of object code that is generated for them.

2.4 Multi-stage trandlators

Besides being conceptually divided into phases, translators are often divideassa) in each of
which several phases may be combined or interleaved. Traditionally, a pass reads the sout
program, or output from a previous pass, makes some transformations, and then writes oult
intermediate file, whence it may be rescanned on a subsequent pass.

These passes may be handled by different integrated parts of a single compiler, or they me
handled by running two or more separate programs. They may communicate by using their
specialized forms of intermediate language, they may communicate by making use of interi
structures (rather than files), or they may make several passes over the same original sour

The number of passes used depends on a variety of factors. Certain languages require at |
passes to be made if code is to be generated easily - for example, those where declaration
identifiers may occur after the first reference to the identifier, or where properties associate
an identifier cannot be readily deduced from the context in which it first appears. A multi-pa
compiler can often save space. Although modern computers are usually blessed with far m
memory than their predecessors of only a few years back, multiple passes may be an impao
consideration if one wishes to translate complicated languages within the confines of small
Multi-pass compilers may also allow for better provision of code optimization, error reportin
error handling. Lastly, they lend themselves to team development, with different members «
team assuming responsibility for different passes. However, multi-pass compilers are usual
slower than single-pass ones, and their probable need to keep track of several files makes
slightly awkward to write and to use. Compromises at the design stage often result in langu
are well suited to single-pass compilation.

In practice, considerable use is made of two-stage translators in which the first stage is a h



translator that converts the source program into ASSEMBLER, or even into some other relz
high-level language for which an efficient translator already exists. The compilation process
then be depicted as in Figure 2.8 - our example shows a Modula-3 program being preparec
execution on a machine that has a Modula-3 to C converter:

Ma3toC. M — CtoM. M
FROG. M2 Modu la-8 — [ FROG. C C —+ M-code FROG. M
M-code M-code

Figure 2.8 Compiling Modula-32 by using C as an intermediate language

It is increasingly common to find compilers for high-level languages that have been implem
using C, and which themselves produce C code as output. The success of these is based ¢
premises that "all modern computers come equipped with a C compiler" and "source code
C is truly portable". Neither premise is, unfortunately, completely true. However, compilers"
in this way are as close to achieving the dream of themselves being portable as any that e»
present time. The way in which such compilers may be used is discussed further in Chapte

Exercises

2.13 Try to find out which of the compilers you have used are single-pass, and which are
multi-pass, and for the latter, find out how many passes are involved. Which produce reloc:
code needing further processing by linkers or linkage editors?

2.14 Do any of the compilers in use on your system produce ASSEMBLER, C or other sucl
during the compilation process? Can you foresee any particular problems that users might
experience in using such compilers?

2.15 One of several compilers that translates from Modula-2 to C is satlednd is freely
available from several ftp sites. If you are a Modula-2 programmer, obtain a copy, and expe
with it.

2.16 An excellent compiler that translates Pascal to C is galtecand is widely available for Ur
systems from several ftp sites. If you are a Pascal programmer, obtain a copy, and experin
it.

2.17 Can you foresee any practical difficulties in using C as an intermediate language?

2.5 Interpreters, interpretive compilers, and emulators

Compilers of the sort that we have been discussing have a few properties that may not imn
be apparent. Firstly, they usually aim to produce object code that can run at the full speed ¢
target machine. Secondly, they are usually arranged to compile an entire section of code b
of it can be executed.



In some interactive environments the need arises for systems that can execute part of an a
without preparing all of it, or ones that allow the user to vary his or her course of action on t
Typical scenarios involve the use of spreadsheets, on-line databases, or batch files or shel
for operating systems. With such systems it may be feasible (or even desirable) to exchancg
of the advantages of speed of execution for the advantage of procuring results on demand.

Systems like these are often constructed so as to make usmtdraneter. An interpreter is a

translator that effectively accepts a source program and executes it directly, without, seemi
producing any object code first. It does this by fetching the source program instructions one
analysing them one by one, and then "executing" them one by one. Clearly, a scheme like
is to be successful, places some quite severe constraints on the nature of the source progr
Complex program structures such as nested procedures or compound statements do not le
themselves easily to such treatment. On the other hand, one-line queries made of a data bi
simple manipulations of a row or column of a spreadsheet, can be handled very effectively.

This idea is taken quite a lot further in the development of some translators for high-level
languages, known aster pretive compilers. Such translators produce (as output) intermediat
code which is intrinsically simple enough to satisfy the constraints imposed by a practical
interpreter, even though it may still be quite a long way from the machine code of the syste
which it is desired to execute the original program. Rather than continue translation to the I
machine code, an alternative approach that may perform acceptably well is to use the inter
code as part of the input to a specially written interpreter. This in turn "executes" the origine
algorithm, by simulating a virtual machine for which the intermediate code effeatialy
machine code. The distinction between the machine code and pseudo-code approaches to
is summarized in Figure 2.9.

Source code Intermediate Mach ine code
statements —+ Stage 1 —+ [(pseudo) code — Stage 2 —+ instructions

[ loaded) [ loaded)

Interpreter + Execution

Figure 2.9 Differences between native—code and pseudo—cods compilers

We may depict the process used in an interpretive compiler running under MS-DOS for a tc
language like Clang, the one illustrated in later chapters, in T-diagram form (see Figure 2.1

CLH.EXE — PROG.5TE —| FROG Interp.EXE
FROG.CLM |Clang ———* 5TK —* FRESULTS Results
Oata —+| DATA

BE0456 S48
M-code M-code
20485 20485

Figure 2.18 An interpretive compilers interpreter for Clana

It is not necessary to confine interpreters merely to work with intermediate output from a tre
More generally, of course, even a real machine can be viewed as a highly specialized inter
one that executes the machine level instructions by fetching, analysing, and then interpretir
one by one. In a real machine this all happens "in hardware", and hence very quickly. By ct
on this train of thought, the reader should be able to see that a program could be written to
one real machine to emulate any other real machine, albeit perhaps slowly, simply by writir
interpreter - or, as it is more usually calledearulator - for the second machine.



For example, we might develop an emulator that runs on a Sun SPARC machine and make
appear to be an IBM PC (or the other way around). Once we have done this, we are (in prir
a position to execute any software developed for an IBM PC on the Sun SPARC machine -
effectively the PC software becomes portable!

The T-diagram notation is easily extended to handle the concept of such virtual machines.
example, running Turbo Pascal on our Sun SPARC machine could be depicted by Figure 2

FROG. FAS TFC.EXE FROG. EXE
Turbo Pascal —— 8836 code
SEMEE M-code
BEHEE M-code
intecpreter
Uirtual SPARC code
BEREE
L_ SPARC

Figure 2.11 Executing the Turbo Pascal compiler on a Sun SPARC

The interpreter/emulator approach is widely used in the design and development both of ne
machines themselves, and the software that is to run on those machines.

An interpretive approach may have several points in its favour:

® |t is far easier to generate hypothetical machine code (which can be tailored towards t
quirks of the original source language) than real machine code (which has to deal witt
uncompromising quirks of real machines).

® A compiler written to produce (as output) well-defined pseudo-machine code capable
interpretation on a range of machines can be made highly portable, especially if it is w
a host language that is widely available (such as ANSI C), or even if it is made availat
already implemented in its own pseudo- code.

® |t can more easily be made "user friendly" than can the native code approach. Since t
interpreter works closer to the source code than does a fully translated program, error
messages and other debugging aids may readily be related to this source.

® A whole range of languages may quickly be implemented in a useful form on a wide r:
different machines relatively easily. This is done by producing intermediate code to a
well-defined standard, for which a relatively efficient interpreter should be easy to imp
on any particular real machine.

® |t proves to be useful in connection with cross-translators such as were mentioned ea
code produced by such translators can sometimes be tested more effectively by simu
execution on the donor machine, rather than after transfer to the target machine - the
inherent in the transfer from one machine to the other may be balanced by the degrac
execution time in an interpretive simulation.

® Lastly, intermediate languages are often very compact, allowing large programs to be
handled, even on relatively small machines. The success of the once very widely uset
Pascal and UCSD p-System stands as an example of what can be done in this respec



For all these advantages, interpretive systems carry fairly obvious overheads in execution ¢
because execution of intermediate code effectively carries with it the cost of virtual translati
machine code each time a hypothetical machine instruction is obeyed.

One of the best known of the eapgrtable inter pretive compilers was the one developed at
Zurich and known as the "Pascal-P" compiler (Mb&l., 1981). This was supplied in a kit of thr
components:

® The first component was the source form of a Pascal compiler, written in a very comp
subset of the language, known as Pascal-P. The aim of this compiler was to translate
source programs into a well-defined and well-documented intermediate language, knc
P-code, which was the "machine code" for a hypothetical stack-based computer, knov
P-machine.

® The second component was a compiled version of the first - the P-codes that would b
produced by the Pascal-P compiler, were it to compile itself.

® Lastly, the kit contained an interpreter for the P-code language, supplied as a Pascal
algorithm.

The interpreter served primarily as a model for writing a similar program for the target mact
allow it to emulate the hypothetical P-machine. As we shall see in a later chapter, emulator
relatively easy to develop - even, if necessary, in ASSEMBLER - so that this stage was ust
fairly painlessly achieved. Once one had loaded the interpreter - that is to say, the version
tailored to a local real machine - into a real machine, one was in a position to "execute" P-c
in particular the P-code of the P-compiler. The compilation and execution of a user progran
then be achieved in a manner depicted in Figure 2.12.

MyProgram.Pas MuProgram. P
Oata ————  * Results Data ——* Results

FasPtoP.P

FPascal-F Fascal-F ——— P-code FP-code

P-code P-code

Interpreter i
M-code F-Mach ine

FP-ciode =

F-Machine M-code

Figure 2.12 Compiling and edecuting a program with the P-compliler

Exercises

2.18 Try to find out which of the translators you have used are interpreters, rather than full
compilers.

2.19 If you have access to both a native-code compiler and an interpreter for a programmir
language known to you, attempt to measure the loss in efficiency when the interpreter is us
a large program (perhaps one that does substantial number-crunching).
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3 COMPILER CONSTRUCTION AND BOOTSTRAPPING

By now the reader may have realized that developing translators is a decidedly non-trivial €
If one is faced with the task of writing a full-blown translator for a fairly complex source lanc
or an emulator for a new virtual machine, or an interpreter for a low-level intermediate lang!
one would probably prefer not to implement it all in machine code.

Fortunately one rarely has to contemplate such a radical step. Translator systems are now
available and well understood. A fairly obvious strategy when a translator is required for an
language on a new machine, or a new language on an old machine (or even a new langua
new machine), is to make use of existing compilers on either machine, and to do the develc
a high level language. This chapter provides a few examples that should make this clearer.

3.1 Using a high-level host language

If, as is increasingly common, one’s dream macMnie supplied with the machine coded versi
of a compiler for a well-established language like C, then the production of a compiler for ol
dream languag¥ is achievable by writing the new compiler, ségM, in C and compiling the
source KtoM.C) with the C compiler@toM.M) running directly orM (see Figure 3.1). This
produces the object versioktoM.M) which can then be executed lgn

AtoM.C HtoM.M
k4 —* M-Code " ——+ M-code
CtoM.M
[ [ —+ HM-code M-code

Figure 3.1 Use of C a5 an implementation language

Even though development in C is much easier than development in machine code, the proc
still complex. As was mentioned earlier, it may be possible to develop a large part of the co
source using compiler generator tools - assuming, of course, that these are already availab
in executable form, or as C source that can itself be compiled easily. The hardest part of th
development is probably that associated with the back end, since this is intensely machine
dependent. If one has access to the source code of a compilétolikeone may be able to use tl
to good avail. Although commercial compilers are rarely released in source form, source cc
available for many compilers produced at academic institutions or as components of the GI
project carried out under the auspices of the Free Software Foundation.

3.2 Porting a high level trandlator

The process of modifying an existing compiler to work on a new machine is often known as



porting the compiler. In some cases this process may be almost trivially easy. Consider, foi
example, the fairly common scenario where a compileC for a popular languagé has been
implemented in C on machieby writing a high-level translator to convert programs writteX |
to C, and where it is desired to use langudgs a machind that, likeA, has already been
blessed with a C compiler of its own. To construct a two-stage compiler for use on either m
all one needs to do, in principle, is to install the source codé&d@ on machinévi and recompile
it.

Such an operation is conveniently represented in terms of T-diagrams chained together. Fi

3.2(a) shows the compilation of tieto C compiler, and Figure 3.2(b) shows the two-stage
compilation process needed to compile programs writtéqitcaM-code.

[zl

AtoC.C Atol. M
k4 _— C k4 _—t
CtoM. M
[ C +  M-code M-code
M-code
(bl
wtol.M CtoM.M
FROG. ¥ k4 _— C FROG.C [ ——+ M-code FROG. M
M-code M-code

Figure 2.2 Porting and using = high-lewvel translator

The portability of a compiler likXtoC.C is almost guaranteed, provided that it is itself written
"portable” C. Unfortunately, or as Mr. Murphy would put it, "interchangeable parts don’t" (m
explicitly, "portable C isn't"). Some time may have to be spent in modifying the source code
XtoC.C before it is acceptable as inputGmM.M, although it is to be hoped that the developer
XtoC.C will have used only standard C in their work, and used pre-processor directives that
for easy adaptation to other systems.

If there is an initial strong motivation for making a compiler portable to other systems it is, it
often written so as to produce high-level code as output. More often, of course, the original
implementation of a language is written as a self-resident translator with the aim of directly
producing machine code for the current host system.

3.3 Bootstrapping

All this may seem to be skirting around a really nasty issue - how might the first high-level
language have been implemented? In ASSEMBLER? But then how was the assembler for
ASSEMBLER produced?

A full assembiler is itself a major piece of software, albeit rather simple when compared witt
compiler for a really high level language, as we shall see. It is, however, quite common to ¢
one language as a subset of another, so that subset 1 is contained in subset 2 which in tur
contained in subset 3 and so on, that is:



Subset 1 C Subset 2 C Subset 32
of RSSEMELER = of RASSEMELER = of HESEMELER

One might first write an assembler for subset 1 of ASSEMBLER in machine code, perhaps
load-and-go basis (more likely one writes in ASSEMBLER, and then hand translates it into
machine code). This subset assembler program might, perhaps, do very little other than co
mnemonic opcodes into binary form. One might then write an assembler for subset 2 of
ASSEMBLER in subset 1 of ASSEMBLER, and so on.

This process, by which a simple language is used to translate a more complicated program
in turn may handle an even more complicated program and so on, is knbastsisapping, by
analogy with the idea that it might be possible to lift oneself off the ground by tugging at ont
boot-straps.

3.4 Self-compiling compilers

Once one has a working system, one can start using it to improve itself. Many compilers fo
languages were first written in another implementation language, as implied in section 3.1,
rewritten in their own source language. The rewrite gives source for a compiler that can the
compiled with the compiler written in the original implementation language. This is illustrate
Figure 3.3.

PasToM.2.Pas FasToM.2.HM
Fascal —————— M-code Fascal ——————* M-code

FasToM. 1.Fort
Fascal Fascal ————  M-code M-code

FORTRAM

Figure 2.3 First step in dewveloping a self-compiling compiler

Clearly, writing a compiler by hand not once, but twice, is a non-trivial operation, unless the
original implementation language is close to the source language. This is not uncommon: C
compilers could be implemented in Modula-2; Modula-2 compilers, in turn, were first impler
in Pascal (all three are fairly similar), and+ompilers were first implemented in C.

Developing a self-compiling compiler has four distinct points to recommend it. Firstly, it

constitutes a non-trivial test of the viability of the language being compiled. Secondly, once
been done, further development can be done without recourse to other translator systems.
any improvements that can be made to its back end manifest themselves both as improven
the object code it produces for general programs and as improvements to the compiler itse
it provides a fairly exhaustive self-consistency check, for if the compiler is used to compile i
source code, it should, of course, be able to reproduce its own object code (see Figure 3.4

Furthermore, given a working compiler for a high-level language it is then very easy to proc
compilers for specialized dialects of that language.



PasToM.2.Pas PasToM. 2. M
FPascal ——————* M-code FPascal ——— M-code
FasToM.2.M
FPascal Pascal —————* M-zode M-zode

M-ciode should be
+— identical

Figure 2.4 A self-compiling compiler must be self-consistent

3.5 The half bootstrap

Compilers written to produce object code for a particular machine are not intrinsically portal
However, they are often used to assist in a porting operation. For example, by the time that
Pascal compiler was required for ICL machines, the Pascal compiler available in Zurich (wt
Pascal had first been implemented on CDC mainframes) existed in two forms (Figure 3.5).

FasToCOC, Pas FasToCOC. COE
Pascal —————— COC—code Pascal ——— COC-code
Fascal COC-code

Figure 3.5 Two wersions of the original Ziirich Pascal compiler

The first stage of the transportation process involved chaiRggippCDC.Pas to generate ICL
machine code - thus producing a cross compiler. $1las€oCDC.Pas had been written in a
high-level language, this was not too difficult to do, and resulted in the corRpsieol CL.Pas.

Of course this compiler could not yet run on any machine at all. It was first compiled using

PasToCDC.CDC, on the CDC machine (see Figure 3.6(a)). This gave a cross-compiler that
run on CDC machines, but still not, of course, on ICL machines. One further compilation of
PasTol CL.Pas, using the cross-compil®asTol CL.CDC on the CDC machine, produced the fin
result,PasTol CL.ICL (Figure 3.6(b)).

[al

PasTolCL.Pas PasTolCL.COC
Fascal ————— ICL-code Fascal ———— ICL-code
PasToCOC, COC

Fascal Faszal ————— COC—code COC-code

COC—code
bl
FasTolCL.Pas FasTolICL. ICL
Pascal ——— ICL-zode Pascal —— ICL-zode
PaszToICL.COC
Paszcal Pascal ————— ICL-code ICL-code

COC—code

Figure 2.6 Production of the first ICL Pascal compiler by half-bootstrap



The final productPasTol CL.ICL) was then transported on magnetic tape to the ICL machine
loaded quite easily. Having obtained a working system, the ICL team could (and did) contin
development of the system in Pascal itself.

This porting operation was an example of what is knownha#f dootstrap system. The work of

transportation is essentially done entirely on the donor machine, without the need for any tr
in the target machine, but a crucial part of the original compiler (the back end, or code gene
has to be rewritten in the process. Clearly the method is hazardous - any flaws or oversight
writing PasTol CL.Pas could have spelled disaster. Such problems can be reduced by minim
changes made to the original compiler. Another technique is to write an emulator for the tar
machine that runs on the donor machine, so that the final compiler can be tested on the do
machine before being transferred to the target machine.

3.6 Bootstrapping from a portable inter pretive compiler

Because of the inherent difficulty of the half bootstrap for porting compilers, a variation on t
bootstrap method described above for assemblers has often been successfully used in the
Pascal and other similar high-level languages. Here most of the development takes place ¢
target machine, after a lot of preliminary work has been done on the donor machine to proc
interpretive compiler that is almost portable. It will be helpful to illustrate with the well-know
example of the Pascal-P implementation kit mentioned in section 2.5.

(=]

FasFtoM. Pask FasFtoM. P
FPascal-P —————* M-code FPascal-P ——— M-code
FasPtoP.P
Pascal-P Paszal-FP ——— P-zode P—ciode
P-code
P-zode

Interpreter i
M-code FP-Mach ine
|
(bl
FasPtoM. PasP FasPtoM. M
Pascal-P ————— M-zode Pascal-P ———— M-zode
PasPtaoM.P
Fascal-F Fascal-F ——— HM-code M-code
P-zode
P—zode
Interpreter .
M-zode P-Mach ine

S ] |

Figure 3.7 Developing & native code compller from the P-compller

Users of this kit typically commenced operations by implementing an interpreter for the P-n
The bootstrap process was then initiated by developing a conipaltt¢M.PasP) to translate
Pascal-P source programs to the local machine code. This compiler could be written in Pas
source, development being guided by the source of the Pascal-P to P-code compiler suppli
of the kit. This new compiler was then compiled with the interpretive compisP{oP.P) from
the kit (Figure 3.7(a)) and the source of the Pascal to M-code compiler was then compiled |



new compiler, interpreted once again by the P-machine, to give the final pféasiRtoM.M
(Figure 3.7(b)).

The Zirich P-code interpretive compiler could be, and indeed was, used as a highly portab
development system. It was employed to remarkable effect in developing the UCSD Pasca
which was the first serious attempt to implement Pascal on microcomputers. The UCSD Pe
team went on to provide the framework for an entire operating system, editors and other uti
all written in Pascal, and all compiled into a well-defined P-code object code. Simply by pro
an alternative interpreter one could move the whole system to a new microcomputer syster
virtually unchanged.

3.7 A P-code assembler

There is, of course, yet another way in which a portable interpretive compiler kit might be u
One might commence by writing a P-code to M-code assembler, probably a relatively simp
Once this has been produced one would have the assembler depicted in Figure 3.8.

FTaM.H

F-code M-code

M-code

Figure 2.8 A P-code to M-code assembler

The P-codes for the P-code compiler would then be assembled by this system to give anot|
compiler (Figure 3.9(a)), and the same P-code/M-code assembler could then be used as a
to the cross compiler (Figure 3.9(b)).

[al
FaszPtoF.P FPaszPtoF.M
Fascal-F ————— P-code Fascal-F ———— P-code
FtoM. M
F-code F-code M-code M-code
M-code
(bl
FasPtoF.HM Ftof.M
Pascal-P ————+ P-code ¥ FP-code +  M-code

M-code

M-code

Figure 3.9 Two-pass compilation and assembly wsing a P-code compiler

Exercises

3.1 Draw the T-diagram representations for the development of a P-code to M-code assem
assuming that you have acompiler available on the target system.

3.2 Later in this text we shall develop an interpretive compiler for a small language called C



using G-+ as the host language. Draw T-diagram representations of the various component
system as you foresee them.

Further reading

A very clear exposition of bootstrapping is to be found in the book by Watt (1993). The ICL
bootstrap is further described by Welsh and Quinn (1972). Other early insights into bootstre
are to be found in papers by Lecarme and Peyrolle-Thomas (1973), bgt Blo(i.981), and
Cornelius, Lowman and Robson (1984).
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4 MACHINE EMULATION

In Chapter 2 we discussed the use of emulation or interpretation as a tool for programming
language translation. In this chapter we aim to discuss hypothetical machine languages an
emulation of hypothetical machines for these languages in more detail. Modern computers
among the most complex machines ever designed by the human mind. However, thisis a t
programming language translation and not on electronic engineering, and our restricted dis
will focus only on rather primitive object languages suited to the simple translators to be dis
in later chapters.

4.1 Simple machine ar chitecture

Many CPU (central processor unit) chips used in modern computers have one or more inte
registers or accumulators, which may be regarded as highly local memory where simple
arithmetic and logical operations may be performed, and between which local data transfer
take place. These registers may be restricted to the capacity of a single byte (8 bits), or, as
of most modern processors, they may come in a variety of small multiples of bytes or mach
words.

One fundamental internal register is thetruction register (IR), through which moves the
bitstrings (bytes) representing the fundamental machine-level instructions that the processc
obey. These instructions tend to be extremely simple - operations such as "clear a register'
"move a byte from one register to another” being the typical order of complexity. Some of tt
instructions may be completely defined by a single byte value. Others may need two or mo
for a complete definition. Of these multi-byte instructions, the first usually denotes an opera
and the rest relate either to a value to be operated upon, or to the address of a location in r
which can be found the value to be operated upon.

The simplest processors have only a tataregisters, and are very limited in what they can
actually do with their contents, and so processors invariably make provision for interfacing f
memory of the computer, and allow transfers to take place along so{madlédes between the
internal registers and the far greater number of external memory locations. When informati
be transferred to or from memory, the CPU places the appropriate address information on 1
address bus, and then transmits or receives the data itself on the data bus. This is illustrate
Figure 4.1.

MEMary
1 bytel 5]

Address bus

CPU —— FRead enable —————H

—OR A3 00
[}

— Write enable ————H

" Oata Bus ”

Figure 4.1 The CPU is linked to memory by address and data buses



The memory may simplistically be viewed as a one-dimensional array of byte values, analo
what might be described in high-level language terms by declarations like the following

TYPE
ADDRESS
BYTES

VAR
Mem : ARRAY ADDRESS OF BYTES;

CARDI NAL [0 .. MenSize - 1];
CARDI NAL [0 .. 255];

in Modula-2, or, in @+ (which does not provide for the subrange types so useful in this rega

typedef unsigned char BYTES;
BYTES Men{ MenSi ze] ;

Since the memory is used to store not only "data" but also "instructions”, another important
register in a processor, the so-caledgram counter orinstruction pointer (denoted by PC or
IP), is used to keep track of the address in memory of the next instruction to be fed to the
processor’s instruction register (IR).

Perhaps it will be helpful to think of the processor itself in high-level terms:

TYPE

PROCESSOR = struct processor {
RECORD BYTES I R
IR BYTES Rl, R2, R3;
Rl, R2, R3 : BYTES; unsi gned PC,
PC : ADDRESS; ;
END;
VAR processor cpu;

CPU : PROCESSOR,

The operation of the machine is repeatedlyetoh a byte at a time from memory (along the dat
bus), place it in the IR, and thexecute the operation which this byte represents. Multi-byte
instructions may require the fetching of further bytes before the instruction itself can be dec
fully by the CPU, of course. After the instruction denoted by the contents of IR has been ex
the value of PC will have been changed to point to the next instruction to be fetched. This
fetch-execute cycle may be described by the following algorithm:

BEG N
CPU.PC : = initial Value; (* address of first code instruction *)
LooP
CPU. IR := Men{ CPU. PC]; (* fetch *)
I ncrenent ( CPU. PC) ; * bump PC in anticipation *)
Execut e(CPU. I R); (* affecting other registers, nenory, PC *)
* handl e machine interrupts if necessary *)
END
END.

Normally the value of PC alters by small steps (since instructions are usually stored in men
sequence); execution of branch instructions may, however, have a rather more dramatic ef
might the occurrence of hardware interrupts, although we shall not discuss interrupt handlir
further.

A program for such a machine consists, in the last resort, of a long string of byte values. W
to be written on paper (as binary, decimal, or hexadecimal values), they would appear prett
meaningless to the human reader. We might, for example, find a section of program readin

25 45 21 34 34 30 45
Although it may not be obvious, this might be equivalent to a high-level statement like
Price := 2 * Price + MarkUp;

Machine-level programming is usually performed by associatimemnonics with the recognizable



operations, likedLT for "halt" or ADD for "add to register”. The above code is far more
comprehensible when written (with commentary) as

LDA 45 ; load accumulator with value stored in nmenory |ocation 45
SHL ; shift accunulator one bit left (multiply by 2)

ADI 34 ; add 34 to the accunul ator

STA 45 ; store the value in the accurmul ator at nmenory |ocation 45

Programs written in an assembly language - which have first to be assembled before they (
executed - usually make use of other named entities, for example

MarkUp EQU 34 ; CONST MarkUp = 34;
LDA Price ; CPU. A := Price;
SHL ; CPU.A =2 * CPUA
ADl  Mar kUp ; CPU. A := CPU A + 34;
STA Price ; Price := CPU. A

When we use code fragments such as these for illustration we shall make frequent use of
commentary showing an equivalent fragment written in a high-level language. Commentary
the semicolon on each line, a common convention in assembler languages.

4.2 Addressing modes

As the examples given earlier suggest, programs prepared at or near the machine level fre
consist of a sequence of simple instructions, each involving a machine-level operation and
more parameters.

An example of a simple operation expressed in a high-level language might be
Amount Due : = Price + Tax;

Some machines and assembler languages provide for such operations in terms of so-calle«
three-address code, in which anoperation - denoted by a mnemonic usually calleddpeode - is
followed by twooperands and adestination. In general this takes the form

operation destination, operand,, operand,
for example
ADD Anount Due, Price, Tax

We may also express this in a general sense as a function call
destination := operation(operand;, operand, )

which helps to stress the important idea thabfieeands really denote "values”, while the
destination denotes a processor register, or an address in memory where the result is to be

In many cases this generality is restricted (that is, the machine suffers from non-orthogonal
design). Typically the value of omperand is required to be the value originally stored at the
destination. This corresponds to high-level statements like

Price := Price * InflationFactor;
and is mirrored at the low-level by so-callseb-addr ess code of the general form

operation destination, operand



for example
MJL Price, InflationFactor

In passing, we should point out an obvious connection between some of the assignment of
in C++ and two-address code. In€Cthe above assignment would probably have been written

Price *= InflationFactor;

which, while less transparent to a Modula-2 programmer, is surely a hintto@@piler to
generate code of this form. (Perhaps this example may help you understang+wwhyeggarded b
some as the world’s finest assembly language!)

In many real machines even general two-address code is not found at the machine level. C
destination andoperand might be restricted to denoting a machine register (the other one mic
denote a machine register, or a constant, or a machine address). This is oftemealhela half
address code, and is exemplified by

MoV R1, Val ue ; CPU. Rl := Val ue
ADD Answer, R1 ; Answer := Answer + CPU. Rl
MOV Result, R2 ; Result := CPU R2

Finally, in so-callechccumulator machines we may be restricted tme-addr ess code, where the
destination is always a machine register (except for those operations that copy (store) the ¢
of a machine register into memory). In some assembler languages such instructions may s
to be of the two-address form, as above. Alternatively they might be written in terms of opc
that have the register implicit in the mnemonic, for example

LDA Val ue ; CPU. A := Val ue
ADA Answer ; CPU. A := CPU A + Answer
STB Resul t ; Result := CPU. B

Although many of these examples might give the impression that the corresponding machir
operations require multiple bytes for their representation, this is not necessarily true. For ex
operations that only involve machine registers, exemplified by

MoV Rl, R2 ;7 CPURL := CPUR2
LDA B ; CPU.A:= CPUB
TAX ; CPU.X := CPU A

might require only a single byte - as would be most obvious in an assembler language that
third representation. The assembly of such programs is be eased considerably by a simple
self-consistent notation for the source code, a subject that we shall consider further in a lat:
chapter.

In those instructions thalb involve the manipulation of values other than those in the machin
registers alone, multi-byte instructions are usually required. The first byte typically specifies
operation itself (and possibly the register or registers that are involved), while the remaining
specify the other values (or the memory addresses of the other values) involved. In such
instructions there are several ways in which the ancillary bytes might be used. This variety
rise to what are known as differeattdr essing modes for the processor, and whose purpose it i
provide areffective addressto be used in an instruction. Exactly which modes are available
tremendously from processor to processor, and we can mention only a few representative ¢
here. The various possibilities may be distinguished in some assembler languages by the L
different mnemonics for what at first sight appear to be closely related operations. In other
assembler languages the distinction may be drawn by different syntactic forms used to spe
registers, addresses or values. One may even find different assembler languages for a con



processor.

In inherent addressing the operand is implicit in the opcode itself, and often the instruction is
contained in a single byte. For example, to clear a machine register naveadight have

CLA or CLR A 7 CPUA:=0
Again we stress that, though the second form seems to have two components, it does not ¢
imply the use of two bytes of code at the machine level.

In immediate addressing the ancillary bytes for an instruction typically give dotual value that
is to be combined with a value in a register. Examples might be

ADI 34 or ADD A, #34 ;7 CPUA:=CPUA+ 34

In these two addressing modes the use of the word "address" is almost misleading, as the
the ancillary bytes may often have nothing to do with a memory address at all. In the mode
be discussed the connection with memory addresses is far more obvious.

In direct or absolute addressing the ancillary bytes typically specify tingemory address of the
value that is to be retrieved or combined with the value in a register, or specify where a reg
value is to be stored. Examples are

LDA 34 or MOV A 34 ;o CPU A = Menf 34]
STA 45 MOV 45, A ; Men{45] := CPU A
ADD 38 ADD A 38 ; CPU A := CPU A + Meni 38]

Beginners frequently confuse immediate and direct addressing, a situation not improved by
that there is no consistency in notation between different assembler languages, and there r
be a variety of ways of expressing a particular addressing mode. For example, for the Intel
processors as used in the IBM-PC and compatibles, low-level code is written in a two-addre
similar to that shown above - but the immediate mode is denoted without needing a special
like #, while the direct mode may have the address in brackets:

CPU. AX + 34 | mmedi ate
Mend 34] Direct

ADD AX, 34 ; CPU. AX :
MOV AX, [34] ; CPU. AX :

In register-indexed addressing one of the operands in an instruction specifies both an addre:
also anndex register, whose value at the time of execution may be thought of as specifying 1
subscript to an array stored from that address

LDX 34 or MOV A 34[X ; CPUA := Mni34 + CPU. X
STX 45 MV 45[X], A : Men{45+CPU. X := CPU A
ADX 38 ADD A, 38[X] ; CPUA := CPUA + Meni38+CPU. X]

In register-indirect addressing one of the operands in an instruction specifies a register who
value at the time of execution gives the effective address where the value of the operand is
found. This relates to the conceptpointers as used in Modula-2, Pascal ang-C

MoV R1, @r2 ; CPURL :
MV AX [BX] ;. CPU. AX :

Men| CPU. R2]
Men{ CPU. BX]

Not all the registers in a machine can necessarily be used in these ways. Indeed, some ma
have rather awkward restrictions in this regard.

Some processors allow for very powerful variations on indexed and indirect addressing mo
example, ifmemory-indexed addressing, a single operand may specify two memory address
the first of which gives the address of the first element of an array, and the second of whict



the address of a variable whose value will be used as a subscript to the array.
MOV R1, 400[100] : CPU.RL := Men{400 + Meni100]]

Similarly, inmemory-indirect addressing one of the operands in an instruction specifies a
memory address at which will be found a value that forms the effective address where anot
operand is to be found.

MV  RL, @00 ' CPU.RL := MeniMeni100]]

This mode is not as commonly found as the others; where it does occur it directly correspol
the use of pointer variables in languages that support them. Code like

TYPE

ARROW = PO NTER TO CARDI NAL; typedef int *ARROW
VAR

Arrow : ARROW ARROW Ar r ow;,

Target : CARDI NAL; int Target;
BEG N

Target := Arrow'; Target = *Arrow,

might translate to equivalent code in assembler like

MOV AX, @\ row
MOV Target, AX

or even

MOV Target, @\rrow

where, once again, we can see an immediate correspondence between the syatardntia:
corresponding assembler.

Finally, inrelative addressing an operand specifies an amount by which the current program
register PC must be incremented or decremented to find the actual address of interest. Thi:
chiefly found in "branching" instructions, rather than in those that move data between variol
registers and/or locations in memory.

Further reading

Most books on assembler level programming have far deeper discussions of the subject of
addressing modes than we have presented. Two very readable accounts are to be found ir
by Wakerly (1981) and MacCabe (1993). A deeper discussion of machine architectures is t
found in the book by Hennessy and Patterson (1990).

4.3 Case study 1 - A single-accumulator machine

Although sophisticated processors may have several registers, their basic principles - espe
they apply to emulation - may be illustrated by the following model of a single-accumulator
processor and computer, very similar to one suggested by Wakerly (1981). Here we shall t:
things to extremes and presume the existence of a system with all registers only 1 byte (8 t
wide.



4.3.1 M achine ar chitecture

Diagrammatically we might represent this machine as in Figure 4.2.

CFU

I interface

2
F ALU =% : F==
II!I
I-0 dewvices

Figure 4.2 A simple single—acourulator CPU and computer

Memory and
input-output

il e

The symbols in this diagram refer to the following components of the machine

ALU is thearithmetic logic unit, where arithmetic and logical operations are actually
performed.

Ais the 8-bitaccumulator, a register for doing arithmetic or logical operations.

SP is an 8-bitstack pointer, a register that points to an area in memory that may be
utilized as a stack.

X is an 8-bitindex register, which is used in indexing areas of memory which
conceptually form data arrays.

Z, P, care single bitondition flags or status registers, which are set "true” when an
operation causes a register to change to a zero value, or to a positive value, or to
propagate a carry, respectively.

I Ris the 8-bitinstruction register, in which is held the byte value of the instruction
currently being executed.

PC is the 8-bitprogram counter, which contains the address in memory of the
instruction that is next to be executed.

EAR is theeffective address register, which contains the address of the byte of data
which is being manipulated by the current instruction.

The programmer’s model of this sort of machine is somewhat simpler - it consists of a num
"variables" (in the &+ or Modula-2 sense), each of which is one byte in capacity. Some of tr
correspond to processor registers, while the others form the random access read/write (RA
memory, of which we have assumed there to be 256 bytes, addressed by the values 0 thro
In this memory, as usual, will be stored both the data and the instructions for the program L
execution. The processor, its registers, and the associated RAM memory can be thought of
though they were described by declarations like

TYPE

BYTES = CARDINAL [0 .. 255]; typedef unsigned char bytes;
PROCESSOR = RECORD struct processor {
A SP, X, IR PC: BYTES; bytes a, sp, x, ir, pc;
Z, P, C: BOCLEAN, bool z, p, c;

END; b



TYPE STATUS = (running, finished, typedef enum { running, finished,

nodat a, baddat a, nodat a, baddata, badop
badop) ; } status;
VAR
CPU : PROCESSOR; processor cpu;
Mem : ARRAY BYTES OF BYTES; byt es nenf 256] ;
PS : STATUS; status ps;

where the concept of ther ocessor status PS has been introduced in terms of an enumeration 1
defines the states in which an emulator might find itself.

4.3.2 Instruction set

Some machine operations are described by a single byte. Others require two bytes, and he
format

Byte 1 Opcode
Byte 2 Address field

The set of machine code functions available is quite small. Those marked * affeeinitie flags,
and those markedaffect thec flag. An informal description of their semantics follows:

Mnemonic Hex Decimal Function

opcode

NOP ooh 0 No operation (this might be used to set a break point in an emulator)
CLA 0ith 1 Clear accumulatox

CLC + 02h 2 Clear carry bit

CLX 03h 3 Clearindex registex

cve + 04h 4 Complement carry bit

I NC * 05h 5 Increment accumulaterby 1

DEC * 06h 6 Decrementaccumulaterby 1

I NX * 07h 7 Incrementindex registerby 1

DEX * 08h 8 Decrementindex registarby 1

TAX o9h 9 Transfer accumulatarto index registex

I NI * 0Ah 10 Load accumulatos with integer read from input in decimal

I NH * oBh 11 Load accumulatos with integer read from input in hexadecimal

| NB * 0ch 12 Load accumulatos with integer read from input in binary

| NA * obh 13 Load accumulatoswith ASCII value read from input (a single character)
ol OEh 14 Write value of accumulatarto output as a signed decimal number
orc OFh 15 Write value of accumulatarto output as an unsigned decimal number
OTH 10h 16 Write value of accumulatarto output as an unsigned hexadecimal number
OTB 11h 17 Write value of accumulatarto output as an unsigned binary number
aTA 12h 18 Write value of accumulatorto output as a single character

PSH 13h 19 Decremensp and push value of accumulatoonto stack

POP * 14h 20 Pop stack into accumulatarand incremensp

SHL + * 15h 21 Shift accumulaton one bit left

SHR + * 16h 22 Shift accumulaton one bit right

RET 17h 23 Return from subroutine (return address popped from stack)
HLT 18h 24 Halt program execution

The above are all single-byte instructions. The following are all double-byte instructions.

LDA B * 19h 25 Load accumulatos directly with contents of location whose address is
given ass

LDX B * 1Ah 26 Load accumulatos with contents of location whose address is gives, as
indexed by the value of(that is, an address computed as the valgetof)

LD B * 1Bh 27 Load accumulatos with the immediate valug

LSP B 1ch 28 Load stack pointesP with contents of location whose address is givem as

LSl B 1Dh 29 Load stack pointesP immediately with the value

STA B 1Eh 30 Store accumulatox on the location whose address is giveB as



STX B 1Fh 31 Store accumulatox on the location whose address is giveB,asdexed
by the value ok

ADD B + * 20h 32 Addtoaccumulatosthe contents of the location whose address is given as

ADX B + * 21h 33 Add to accumulatosthe contents of the location whose address is given as
B,indexed by the value of

ADI B + * 22h 34 Addthe immediate valugto accumulatoa

ADC B + * 23h 35 Add to accumulatosthe value of the carry hitplus the contents of the
location whose address is givengas

ACX B + * 24h 36 Add to accumulatosthe value of the carry bitplus the contents of the
location whose address is giversagndexed by the value of

ACl B + * 25h 37 Addthe immediate valugplus the value of the carry litto accumulatoa

SsuB B + * 26h 38 Subtract from accumulaterthe contents of the location whose address is
given ass

SBX B + * 27h 39 Subtract from accumulaterthe contents of the location whose address is
given asg, indexed by the value of

SBl B + * 28h 40 Subtractthe immediate valedrom accumulaton

SBC B + * 29h 41 Subtract from accumulaterthe value of the carry bitplus the contents
of the location whose address is giverBas

SCX B + * 2Ah 42 Subtract from accumulaterthe value of the carry bitplus the contents
of the location whose address is givemasdexed by the value of

sa B + * 2Bh 43 Subtract the immediate valeelus the value of the carry latfrom
accumulatorn

CW B + * 2Ch 44 Compare accumulaterwith the contents of the location whose address is
given asB

CPX B + * 2Dh 45 Compare accumulaterwith the contents of the location whose address is
given asg, indexed by the value of

CPl B +* 2Eh 46 Compare accumulaterdirectly with the valus

These comparisons are done by virtual subtraction of the operand,feord setting the flags
andz as appropriate

ANA B + * 2Fh 47 Bitwise AND accumulatoa with the contents of the location whose address
is given as

ANX B + * 30h 48 Bitwise AND accumulatoa with the contents of the location whose address
is given as, indexed by the value of

ANl B + * 31h 49 Bitwise AND accumulaton with the immediate valug

ORA B + * 32h 50 Bitwise OR accumulatox with the contents of the location whose address
is given as

ORX B + * 33h 51 Bitwise OR accumulatox with the contents of the location whose address
is given as, indexed by the value of

ORI B + * 34h 52 Bitwise OR accumulatox with the immediate valug

BRN B 35h 53 Branch to the address givenms

BZE B 36h 54 Branch to the address giveneai$ the z condition flag is set

BNZ B 37h 55 Branch to the address givengi$ the z condition flag is unset

BPZ B 38h 56 Branch to the address givensai$ the p condition flag is set

BNG B 39h 57 Branch to the address givengai$ the P condition flag is unset

BCC B 3Ah 58 Branch to the address givengai$ the c condition flag is unset

BCS B 3Bh 59 Branch to the address givengai$ the c condition flag is set

JSR B 3ch 60 Call subroutine whose addressjgpushing return address onto the stack

Most of the operations listed above are typical of those found in real machines. Notable exc
are provided by the I/O (input/output) operations. Most real machines have extremely primi
facilities for doing anything like this directly, but for the purposes of this discussion we shall
somewhat and assume that our machine has several very powerful single-byte opcodes fol
I/0. (Actually this is not cheating too much, for some macro-assemblers allow instructions |
which are converted into procedure calls into part of an underlying operating system, store(
in a ROM BIOS).



A careful examination of the machine and its instruction set will show some featuraethat
typical of real machines. Although there are three data registessandsp, two of them X and
SP) can only be used in very specialized ways. For example, it is possible to transfer a val
to X, but not vice versa, and while it is possible to load a valuesiiiis not possible to examint
the value ofsP at a later stage. The logical operations affect the carry bit (they all unset it), b
surprisingly, the NC andDEC operations do not.

It is this model upon which we shall build an emulator in section 4.3.4. In a sense the forme
semantics of these opcodes are then embodied directly apéhational semantics of the machin
(or pseudo-machine) responsible for executing them.

Exercises

4.1 Which addressing mode is used in each of the operations defined above? Which addre
modes are not represented?

4.2 Many 8-bit microprocessors have 2-byte (16-bit) index registers, and one, two, and thre
instructions (and even longer). What peculiar or restrictive features does our machine poss
compared to such processors?

4.3 As we have already commented, informal descriptions in English, as we have above, al
precise as semantics that are formulated mathematically. Compare the informal descriptior
| NC operation with the following:

INC * 05h 5 A:=(A+1) nod 256; Z:=A=0; P:=AIN{O ... 127}
Try to express the semantics of each of the other machine instructions in a similar way.

4.3.3 A specimen program

Some examples of code for this machine may help the reader’s understanding. Consider tr
problem of reading a number and then counting the number of non-zero bits in its binary
representation.

Example 4.1
The listing below shows a program to solve this problem coded in an ASSEMBLER langua

based on the mnemonics given previously, as it might be listed by an assembler program, ¢
the hexadecimal representation of each byte and where it is located in memory.

00 BEG ; Count the bits in a nunber
00 0A I'NI ; Read(A)

01 LOOP ;. REPEAT

01 16 SHR i A:=ADV2

02 3A 0D BCC EVEN i IFAMDZ2# 0 THEN
04 1E 13 STA TEMP ; TEMP : = A

06 19 14 LDA BI TS

08 05 I NC

09 1E 14 STA BI TS ; BITS:=BITS + 1
0B 19 13 LDA TEMP ; A = TEMP

oD 37 01 EVEN BNz LOOP ; UNTIL A=0

OF 19 14 LDA BI TS ;

11 OE arl ;. Wite(BITS)

12 18 HLT ; term nate execution
13 TEMP DS 1 ; VAR TEMP : BYTE

14 00 BI TS DC 0 ; BITS : BYTE



15 END

Example 4.2 (absolute byte values)

In a later chapter we shall discuss how this same program can be translated into the follow
corresponding absolute format (expressed this time as decimal numbers):

10 22 58 13 30 19 25 20 5 30 20 25 19 55 125201424 0 O

Example 4.3 (mnemonics with absolute addressfields)

For the moment, we shall allow ourselves to consider the absolute form as equivalent to a 1
which the mnemonics still appear for the sake of clarity, but where the operands have all be
converted into absolute (decimal) addresses and values:

I'NI
SHR

BCC 13

STA 19

LDA 20

I NC

STA 20

LDA 19

BNZ 1

LDA 20

(o]]]

HLT

0

0
Exercises

4.4 The machine does not possess an instruction for negating the value in the accumulator
code would one have to write to be able to achieve this?

4.5 Similarly, it does not possess instructions for multiplication and division. Is it possible to
the existing instructions to develop code for doing these operations? If so, how efficiently c:
be done?

4.6 Try to write programs for this machine that will

(a) Find the largest of three numbers.

(b) Find the largest and the smallest of a list of numbers terminated by a zero (which i
not regarded as a member of the list).

(c) Find the average of a list of non-zero numbers, the list being terminated by a zero.
(d) Compute N! for small N. Try using an iterative as well as a recursive approach.

(e) Read a word and then write it backwards. The word is terminated with a period. Tr
using an "array", or alternatively, the "stack".

(f) Determine the prime numbers between 0 and 255.

(g) Determine the longest repeated sequence in a sequence of digits terminated with



zero. For example, for datareading123333454444444655 report that "4
appeared 7 times".

(h) Read an input sequence of numbers terminated with zero, and then extract the
embedded monotonically increasing sequence. For example, from 12 127 4 14 6 23
extract the sequence 1 2 12 14 23.

() Read a small array of integers or characters and sort them into order.
()) Search for and report on the largest byte in the program code itself.
(k) Search for and report on the largest byte currently in memaory.

(I) Read a piece of text terminated with a period, and then report on how many times
each letter appeared. To make things interesting, ignore the difference between uppe
and lower case.

(m) Repeat some of the above problems using 16-bit arithmetic (storing values as pai
of bytes, and using the "carry" operations to perform extended arithmetic).

4.7 Based on your experiences with Exercise 4.6, comment on the usefulness, redundancy
other features of the code set for the machine.

4.3.4 An emulator for the single-accumulator machine

Although a processor for our machine almost certainly does not exist "in silicon", its action |
easily be simulated "in software". Essentially we need only to write an emulator that models
fetch-execute cycle of the machine, and we can do this in any suitable language for which w
already have a compiler on a real machine.

Languages like Modula-2 or+& are highly suited to this purpose. Not only do they have
"bit-twiddling" capabilities for performing operations like "bitwise and", they have the advan
that one can implement the various phases of translators and emulators as coherent, clear!
separated modules (in Modula-2) or classes i) (Extended versions of Pascal, such as Turl
Pascal, also provide support for such modules in the form of units. C is also very suitable o
first score, but is less well equipped to deal with clearly separated modules, as the header 1
mechanism used in C is less watertight than the mechanisms in the other languages.

In modelling our hypothetical machine in Modula-2 er@ will thus be convenient to define ar
interface in the usual way by means of a definition module, or by the public interface to a cl
this text we shall illustrate code i€ equivalent code in Modula-2 and Turbo Pascal will be
found on the diskette that accompanies the book.)

The main responsibility of the interface is to declareramat or routine for interpreting the cod:
stored in the memory of the machine. For expediency we choose to extend the interface to
the values of the operations, and the memory itself, and to provide various other useful faci
that will help us develop an assembler or compiler for the machine in due course. (In this, €
other interfaces, "private" members are not shown.)

/'l machine instructions - order is significant

enum MC_opcodes {
MC nop, MC cla, MC.clc, MCclx, MCcnc, MC.inc, MC_dec, MC.inx, MC dex,
MC tax, MC.ini, MC.inh, MCinb, MC.ina, MCoti, MCotc, MCoth, MCoth,



MC ota, MC psh, MC pop, MC shl, MC shr, MCret, MC hlt, MC Ida, MCIdx,
MC Idi, MCIsp, MCIsi, MCsta, MC stx, MC add, MC adx, MC adi, MC_ adc,
MC_acx, MC aci, MC sub, MC sbx, MC shi, MC sbc, MC scx, MC sci, MC cnp,
MC cpx, MC cpi, MC_ana, MC anx, MC ani, MC ora, MC orx, MC ori, MC brn,
MC _bze, MC bnz, MC bpz, MC bng, MC bcc, MC bcs, MC jsr, MC bad = 255 };

typedef enum { running, finished, nodata, baddata, badop } status;
typedef unsigned char MC bytes;

class MC {
publi c:
MC_byt es nenf 256]; /1 virtual nachine nenory

voi d |istcode(void);
/1 Lists the 256 bytes stored in nemon requested output file

void enul ator (MC_bytes initpc, FILE *data, FILE *results, bool tracing);
/1 Enul ates action of the instructions stored in mem w th program counter
/1 initialized to initpc. data and results are used for I/Q

/1 Tracing at the code |level may be requested

voi d interpret(void);
/'l Interactively opens data and results files, and requests entry point.
/1 Then interprets instructions stored in nem

MC byt es opcode(char *str);
/1 Maps str to opcode, or to MC_bad (OFFH) if no match can be found

NC(?;

/1 Initializes accunul ator machi ne
b

The implementation afnul at or must model the typicditch-execute cycle of the hypothetical
machine. This is easily achieved by the repetitive execution of ashargeh or CASE statement,
and follows the lines of the algorithm given in section 4.1, but allowing for the possibility the
program may halt, or otherwise come to grief:

BEG N
InitializeProgranCounter(CPU. PC);
InitializeRegisters(CPU. A CPU X, CPUSP, CPU Z CPU P, CPUCO;
PS : = running;

REPEAT
CPU. IR : = Men{ CPU. PC] ; | ncrenent (CPU. PC) (* fetch *)
CASE CPU. IR OF (* execute *)
END

UNTIL PS # running;
IF PS # finished THEN Post Mortem END
END

A detailed implementation of the machine class is given as part of Appendix D, and the rea
urged to study it carefully.

Exercises

4.8 You will notice that the code in Appendix D makes no use of an exgiiciegister. Develop
an emulator that does have such a register, and investigate whether this is an improvemen

4.9 How well does the informal description of the machine instruction set allow you to deve
programs and an interpreter for the machine? Would a description in the form suggested b
Exercise 4.3 be better?

4.10 Do you suppose interpreters might find it difficult to handle 1/0O errors in user programs

4.11 Although we have required that the machine incorporate the three condition flagsdc,
we have not provided another one commonly found on such machines, namely for detectin



overflow. Introducev as such a flag into the definition of the machine, provide suitable instrus
for testing it, and modify the emulator so thias set and cleared by the appropriate operations

4.12 Extend the instruction set and the emulator to include operations for negating the acct
and for providing multiplication and division operations.

4.13 Enhance the emulator so that when it interprets a program, a full screen display is give
highlighting the instruction that is currently being obeyed and depicting the entire memory ¢
of the machine, as well as the state of the machine registers. For example we might have &
like that in Figure 4.3 for the program exemplified earlier, at the stage where it is about to e
the first instruction.

IR = BA [INI 1 PC = BE A = B8 (OEEEEEEE) @ = B0 SFP = BB 2=8 P=B C=@
BA @1 B2 B3 B4 BS B BY B8 B9 BA BE BC B0 BE BF

@E | INI SHR BCC @0 STA 13 LOA 14 IMC STA 14 LOA 13 BHE @1 LOA 513
1@ 14 OTI HLT FF @ FF FF FF FF F FF FF FF FF FF FF 1F
ZH FF FF FF FF FF FF FF FF FF FF FF FF FF FF FF FF zF
=15 FF FF FF FF FF FF FF FF FF FF FF FF FF FF FF FF 3F
41 FF FF FF FF FF FF FF FF FF FF FF FF FF FF FF FF 4F
=15 FF FF FF FF FF FF FF FF FF FF FF FF FFE FFE FF FF 5F
[=15] FF FF FF FF FF FF FF FF FF FF FF FF FF FF FF FF &F
L) FF FF FF FF FF FF FF FF FF FF FF FF FF FF FF FF rF
F=15] FF FF FF FF FF FF FF FF FF FF FF FF FFE FFE FF FF gF
L) FF FF FF FF FF FF FF FF FF FF FF FF FF FF FF FF 3F
AA FF FF FF FF FF FF FF FF FF FF FF FF FF FF FF FF AF
[=15] FF FF FF FF FF FF FF FF FF FF FF FF FFE FFE FF FF EF
[ FF FF FF FF FF FF FF FF FF FF FF FF FF FF FF FF CF
[u 5] FF FF FF FF FF FF FF FF FF FF FF FF FF FF FF FF OF
EH FF FF FF FF FF FF FF FF FF FF FF FF FFE FFE FF FF EF
Fa FF FF FF FF FF FF FF FF FF FF FF FF FF FF FF FF FF

1 1 @Rl 2 2 Bglg 3 3 bEll 4 4 Bion 5 5 @inl

& & @Bll| 7T r @111 2 &8 looe 9 9 1o@l 1 A 1@1@
11 B 1811 12 C 1188 13 0 1181 14 E 1118 15 F 1111

Figure 4.3 Possible display format for an enhanced interpreter

4.3.5 A minimal assembler for the machine

Given the emulator as implemented above, and some way of assembling or compiling prog
becomes possible to implement a complete load-and-go system for developing and running
programs. An assembler can be provided through a class with a public interface like

class AS {
publi c:
AS(char *sourcenanme, MC *M;
/1 Opens source file from supplied sourcenane

~AS() ;
/1 O oses source file

voi d assenbl e(bool &errors);
/'l Assenbl es source code fromsrc file and | oads bytes of code directly
/1 into nenory. Returns errors = true if source code is corrupt

H
In terms of these two classes, a load-and-go system might then take the form

void main(int argc, char *argv[])
{ bool errors;
if (argc == 1) { printf("Usage: ASSEMBLE source\n"); exit(1l); }
MC *Machi ne = new MZ();
AS *Assenbl er = new AS(argv[ 1], Machine);
Assenbl er - >assenbl e(errors);
del ete Assenbl er;
if (errors)
printf("Unable to interpret code\n");
el se
{ printf("Interpreting code ...\n");
Machi ne->i nterpret();

}
del et e Machi ne;



A detailed discussion of assembler techniques is given in a later chapter. For the moment v
that various implementations matching this interface might be written, of various complexiti
very simplest of these might require the user to hand-assemble his or her programs and wc
amount to nothing more than a simple loader:

AS: :AS(char *sour cenane, MC *M
{ Machl ne = M
src = fopen(sourcenang, "r“)'
if (src == NULL) { printf("Could not open input file\n"); exit(1l); }

AS: : ~AS()
{ if (src) fclose(src); src = NULL; }

voi d AS::assenbl e(bool &errors)
{ int nunber;
errors = fal se;
for (int i = 0; i <= 255; i++)
{ if (fscanf(src, "%l", &nunber) != 1)
{ errors = true; nunber = MC bad; }
Machi ne->nmenfi] = nunber % 256;

}

However, it is not difficult to write an alternative implementation ofdeenbl e routine that
allows the system to accept a sequence of mnemonics and numerical address fields, like tt
in Example 4.3 earlier. We present possible code, with sufficient commentary that the read
be able to follow it easily.

voi d readmenoni c(FILE *src, char &ch, char *mmenoni c)
{int i =0;
while (ch >~
{ if (I <= 2) { nﬂenDniC[i] = ch; i++; }
ch = toupper(getc(src));

menonic[i] = '\0";

voi d readi nt (FILE *src, char &ch, int &unber, bool &okay)
{ okay = true;

nunber = O;

bool negative = (ch == "'-");

if (ch=="-"]] ch=="+) ch = getc(src);
while (ch >~

)
{ if (isdigit(ch))
nunber = nunber * 10 + ch - '0";
el se
okay = fal se;
ch = getc(src);

if (negative) nunber = -nunber;

voi d AS:: assenbl e(bo
{ char menonic[4]; menoni ¢ for matching
MC bytes Ic = 0; | ocati on counter

ol &errors)

/1

/1
MC_bytes op; /1 assenbl ed opcode

/1

/1

/1

int nunber; assenbl ed nunber
char ch; general character for input
bool okay; error checki ng on readi ng nunbers
printf("Assenbling code ... \n");
for (int i =0; i <= 255; i++) /1 fill with invalid opcodes
Machi ne->nmenfi] = MC _bad;
lc = 0; /1 initialize location counter
errors = fal se; /1 optimst!
do
{ do ch = toupper(getc(src))
whi | e (ch <= && Ifeof(src)) skip spaces and bl ank |ines

/1
if (!feof(src)) /'l there should be a line to assenble
{ if (isupper(ch)) /1 we should have a mmenonic
{ readmenoni c(src, ch, mmenonic); // unpack it
op = Machi ne- >opcode( menoni c) ; /1 look it up
if (op == MC_bad) /1 the opcode was unrecogni zabl e
{ printf("% - Bad menonic at %\n", menonic, Ic); errors = true; }
Machi ne->nmenil c] = op; /] store nun‘eri cal equi val ent



el se /1 we should have a nuneric constant

{ readint(src, ch, nunber, okay); /1 unpack it
if (lokay) { printf("Bad nunber at %\n", lc); errors = true; }
if (nunmber >= 0) // convert to proper byte val ue
Machi ne->nenflc] = nunber % 256;
el se

Machi ne->nenf{lc] = (256 - abs(nunber) % 256) % 256;
}
lc = (lc + 1) % 256; /1 bunmp up | ocation counter

} \};\hile (!feof(src));

4.4 Case study 2 - a stack-oriented computer

In later sections of this text we shall be looking at developing a compiler that generates obj:
for a hypothetical "stack machine", one that may have no general data registers of the sort
previously, but which functions primarily by manipulating a stack pointer and associated ste
architecture like this will be found to be ideally suited to the evaluation of complicated arithr
or Boolean expressions, as well as to the implementation of high-level languages which su
recursion. It will be appropriate to discuss such a machine in the same way as we did for th
single-accumulator machine in the last section.

4.4.1 M achine ar chitecture

Compared with normal register based machines, this one may at first seem a little strange,
of the paucity of registers. In common with most machines we shall still assume that it store
and data in a memory that can be modelled as a linear array. The elements of the memory
"words", each of which can store a single integer - typically using a 16 bit two’s-complemer
representation. Diagrammatically we might represent this machine as in Figure 4.4:

CRU [ vF =

BF
]
Control Unit
IR ERAR
input<output
interface

PC
ALU F—— Temp F—
I-0 devices

Figure 4.4 H simple stack—oriented CPU and computer

1

Memory and

s

The symbols in this diagram refer to the following components of the machine

ALU is thearithmetic logic unit where arithmetic and logical operations are actually
performed.

Tenp is a set of 16-bit registers for holding intermediate results needed during arithme'
or logical operations. These registers cannot be accessed explicitly.

SP is the 16-bistack pointer, a register that points to the area in memory utilized as the
main stack.

BP is the 16-bibase pointer, a register that points to the base of an area of memory



within the stack, known asstack frame, which is used to store variables.

MP is the 16-bitmark stack pointer, a register used in handling procedure calls, whose
use will become apparent only in later chapters.

I Ris the 16-biinstruction register, in which is held the instruction currently being
executed.

PC is the 16-bitprogram counter, which contains the address in memory of the
instruction that is the next to be executed.

EAR is theeffective address register, which contains the address in memory of the data
that is being manipulated by the current instruction.

A programmer’s model of the machine is suggested by declarations like

CONST
MenSi ze = 512, const int MenSize = 512,
TYPE typedef short address;
ADDRESS = CARDINAL [0 .. MenSize - 1]; struct processor {
PROCESSOR = RECORD opcodes ir;
IR : OPCODES; address bp, np, sp, pc;
BP, MP, SP, PC : ADDRESS; };
END;

TYPE STATUS = (running, finished, typedef enum { running, finished,
badMem badDat a, badmem baddata, nodat a,
noDat a, divZero, di vzero, badop
badOP) ; } status;

VAR

CPU : PROCESSOR, processor cpu;
Mem : ARRAY ADDRESS OF | NTEGER; int nenif Menti ze] ;
PS : STATUS; status ps;

For simplicity we shall assume that the code is stored in the low end of memory, and that tt
part of memory is used as the stack for storing data. We shall assume that the topmost sec
this stack is diteral pool, in which are stored constants, such as literal character strings.
Immediately below this pool is trsack frame, in which the static variables are stored. The res
the stack is to be used for working storage. A typical memory layout might be as shown in |
4.5, where the markecadeTop andst kTop will be useful for providing memory protection in a
emulated system.

Code +—— Stack — LVariables Literal Pool
5] I { El1
CodeTop StkTop
Base Pointer BP
Frogram Counter PC Stack Pointer 5P

Figure 4.5 Usage of memory in the simple stack-oriented computer

We assume that the program loader will load the code at the bottom of memory (leaving the
denoted bycodeTop pointing to the last word of code). It will also load the literals into the litel
pool (leaving the marker denoted $nkTop pointing to the low end of this pool). It will go on to
initialize both the stack pointsP and base point&pr to the value oft kTop. The first instruction
in any program will have the responsibility of reserving further space on the stack for its var
simply by decrementing the stack poinserby the number of words needed for these variable
variable can be addressed by adding an offset to the base regiSarce the stack "grows

downwards" in memory, from high addresses towards low ones, these offsets will usually h



negative values.
4.4.2 Instruction set

A minimal set of operations for this machine is described informally below; in later chapters
shall find it convenient to add more opcodes to this set. We shall use the mnemonics introd
here to code programs for the machine in what appears to be a simple assembler language
with addresses stipulated in absolute form.

Several of these operations belong to a category knowzer aaddr ess instructions. Even thougt
operands are clearly needed for operations such as addition and multiplication, the address
these are not specified by part of the instruction, but are implicitly derived from the value of
stack pointesP. The two operands are assumed to reside on the top of the stack and just be
top; in our informal descriptions their values are denotetddsy(for "top of stack") andos (for
"second on stack™). A binary operation is performed by popping its two operands from the <
into (inaccessible) internal registers in the CPU, performing the operation, and then pushing
result back onto the stack. Such operations can be very economically encoded in terms of
storage taken up by the program code itself - the high density of stack-oriented machine cc
another point in its favour so far as developing interpretive translators is concerned.

ADD PopTos andscs, addsos to Tos, push sum to form newos

SuB PopTos andsos, subtractras from sos, push result to form newos
MUL PopTos andsos, multiply sos by Tos, push result to form nemcs
DVD PopTos andsos, divide sos by Tos, push result to form newnos

EQL PopTos andsos, push 1 to form newos if sos = Tos, 0 otherwise
NEQ PopTos andsas, push 1 to form newos if sos # Tos, 0 otherwise
GTR PopTaos andsas, push 1 to form newoes if sos > 710s, 0 otherwise
LSS PopTos andsos, push 1 to form newos if Sos < Tos, 0 otherwise
LEQ PopTos andsos, push 1 to form newcs if sos <=T0s, 0 otherwise
GEQ PopTos andsos, push 1 to form newcs if sos >=T0s, 0 otherwise
NEG Negateros

STK Dump stack to output (useful for debugging)

PRN PopTos and write it to the output as an integer value

PRS A Write the nul-terminated string that was stacked in the literal pool ¥eafr]
NLN Write a newline (carriage-return-line-feed) sequence

I NN Read integer value, paps, store the value that was readvism{ TOS]

DsP A Decrement value of stack pointar by A

LT Push the integer valueonto the stack to form newos

ADR A Push the valuer + A onto the stack to form newes. (This value is conceptually the address
of a variable stored at an offgetvithin the stack frame pointed to by the base registgr

>

| ND PopTos to yieldsi ze; popTos andscs; if 0 <=TOS < Si ze
then subtractos from sos, push result to form newos

VAL PopTos, and push the value ®€n{ Tos] to form newros (an operation we
shall calldereferencing)

STO PopTos andsos; storeTos in Men{ SOS]

HLT Halt

BRN A Unconditional branch to instructian
BZE A PopTos, and branch to instructioxif Tos is zero
NOP No operation

The instructions in the first group are concerned with arithmetic and logical operations, thos
second group afford 1/O facilities, those in the third group allow for the access of data in me
by means of manipulating addresses and the stack, and those in the last group allow for ca
flow of the program itself. TheND operation allows for array indexing with subscript range



checking.

As before, the I/O operations are not typical of real machines, but will allow us to focus on t
principles of emulation without getting lost in the trivia and overheads of handling real I/0 s

Exercises

4.14 How closely does the machine code for this stack machine resemble anything you hay
before?

4.15 Notice that there isBzE operation, but not a complementa&nz (one that would branch if
TOS were non-zero). Do you suppose this is a serious omission? Are there any opcodes wh
been omitted from the set above which you can foresee as being absolutely essential (or af
very useful) for defining a viable "integer" machine?

4.16 Attempt to write down a mathematically oriented version of the semantics of each of tt
machine instructions, as suggested by Exercise 4.3.

4.4.3 Specimen programs
As before, some samples of program code for the machine may help to clarify various poin
Example 4.4

To illustrate how the memory is allocated, consider a simple section of program that corres
high-level code of the form

X:=8;, Wite("Y=",Y);
; Exanple 4.4
0 DSP 2 ; Xis at Men{CPU.BP-1], Y is at MenfCPU. BP-2]
2 ADR -1 ; push address of X
4 LIT 8 ; push 8
6 STO ; X:=8
7 STK ; dunp stack to look at it
8 PRS 'Y =" ; Wite string "Y ="
10 ADR -2 ; push address of Y
12 VAL ; dereference
13 PRN ; Wite integer Y
14 HLT ; term nate execution

This would be stored in memory as

DSP 2 ADR-1 LIT 8 STO STK PRS 510 ADR -2 VAL PRN HLT
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14

() (X) 0 I oy 0
504 505 506 507 508 509 510 511

Immediately after loading this program (and before executingdhéstruction), the program
counterPC would have the value 0, while the base regi®eand stack pointesP would each hav
the value 506.

Example 4.5

Example 4.4 scarcely represents the epitome of the programmer’s art! A more ambitious pt
follows, as a translation of the simple algorithm



BEG N

Y :=0;

REPEAT READ(X); Y := X+ Y UNTIL X = 0;
WRI TE(' Total is ', VY);

END

This would require a stack frame of size two to contain the variat@dedy. The machine code
might read

; Exanple 4.5
0 DsP 2 ; Xis at Men{CPU.BP-1], Y is at Meni CPU. BP-2]
2 ADR -2 ; push address of Y (CPU.BP-2) on stack
4 LIT 0 ; push O on stack
6 STO ; store 0 as value of Y
7 ADR -1 ; push address of X (CPU.BP-1) on stack
9 INN ; read value, store on X
10 ADR -2 ; push address of Y on stack
12 ADR -1 ; push address of X on stack
14 VAL . dereference - value of X now on stack
15 ADR -2 ; push address of Y on stack
17 VAL ;  dereference - value of Y now on stack
18 ADD ; add Xto Y
19 STO ; store result as new value of Y
20 ADR -1 ; push address of X on stack
22 VAL ;  dereference - value of X now on stack
23 LIT 0 ; push constant 0 onto stack
25 EQL ; check equality
26 BZE 7 ; branch if X# 0
28 PRS ’'Total is’ ; I|abel output
30 ADR -2 ; push address of Y on stack
32 VAL . dereference - value of Y now on stack
33 PRN 7 wite result
34 HLT ; terminate execution
Exercises

4.17 Would you write code anything like that given in Example 4.5 if you had to translate th
corresponding algorithm into a familiar ASSEMBLER language directly?

4.18 How difficult would it be to hand translate programs written in this stack machine code
your favourite ASSEMBLER ?

4.19 Use the stack language (and, in due course, its interpreter) to write and test the simple
programs suggested in Exercises 4.6.

4.4.4 An emulator for the stack machine

Once again, to emulate this machine by means of a program written in Modula—2 anv@ll be
convenient to define an interface to the machine by means of a definition module or approg
class. As in the case of the accumulator machine, the main exported facility is a routine to |
the emulation itself, but for expediency we shall export further entities that make it easy to ¢
an assembler, compiler, or loader that will leave pseudo-code directly in memory after trans
of some source code.

const int STKMC nensize = 512; // Limt on menory

/1 machine instructions - order is significant

enum STKMC opcodes {
STKMC adr, STKMC lit, STKMC dsp, STKMC brn, STKMC bze, STKMC prs, STKMC add,
STKMC _sub, STKMC mul, STKMC dvd, STKMC eql, STKMC neq, STKMC |ss, STKMC gegq,
STKMC gtr, STKMC | eq, STKMC neg, STKMC val, STKMC sto, STKMC.ind, STKMC stk,
STKMC_hlt, STKMC_ inn, STKMC prn, STKMC nln, STKMC nop, STKMC nul



typedef enum {

runni ng, finished, badmem baddata, nodata, divzero, badop, badind
} status;
typedef int STKMC address;

class STKMC {
public:
int men]{ STKMC nensi ze]; // virtual machine nmenory

voi d |istcode(char *filenane, STKMC address codel en);
Il Lists the codelen instructions stored in memon naned output file

voi d emul at or (STKMC_address i nitpc, STKMC address codel en,

STKMC address initsp, FILE *data, FILE *results,

bool tracing);
/1 Emul ates action of the codelen instructions stored in mem wth
/Il programcounter initialized to initpc, stack pointer initialized to
/1 initsp. data and results are used for I1/O  Tracing at the code I|evel
/'l may be requested

voi d interpret(STKMC address codel en, STKMC address initsp);

/1 Interactively opens data and results files. Then interprets the
/1 codelen instructions stored in mem with stack pointer initialized
/1 to initsp

STKMC_opcodes opcode(char *str);
/1 Maps str to opcode, or to STKMC nul if no match can be found

STKMX() ;

/1 Initializes stack machine

3

The emulator itself has to model the typiéetch-execute cycle of an actual machine. This is ea:
achieved as before, and follows an almost identical pattern to that used for the other machi
implementation is to be found on the accompanying diskette; only the important parts are li
here for the reader to study:

bool STKMC: :i nbounds(int p)
/1 Check that nenory pointer p does not go out of bounds. This should not
/1 happen with correct code, but it is just as well to check
{ if (p < stackmin || p >= STKMC_nensi ze) ps = badnem
return (ps == running);

voi d STKMC: : st ackdunp( STKMC address initsp, FILE *results, STKMC address pcnow)
/1 Dunp data area - useful for debugging
{ int online = 0;

fprintf(results, "\nStack dunp at %id", pcnow);

fprintf(results, " SP:%d BP: %d SM %ld\n", cpu.sp, cpu.bp, stackmn);

for (int | = stackmax - 1; | >= cpu.sp; |--)
{ fprintf(results, "%d:%d", |, menil]);
online++; if (online %6 == 0) putc('\n’, results);

putc(’\n’, results);

}

voi d STKMC: :trace(FI LE *results, STKMC address pcnow)
/!l Sinple trace facility for run tine debuggi ng
{ fprintf(results, " PC %d BP: %d SP: %ld TCS:", pcnow, cpu.bp, cpu.sp);
if (cpu.sp < STKMC nensi ze)
fprintf(results, "%d", nmenfcpu.sp]);

el se
fprintf(results, "??2?2?");
fprintf(results, " %", menonics[cpu.ir]);

switch (cpu.ir)
{ case STKMC adr:
case STKMC prs:
case STKMC |it:
case STKMC dsp:
case STKMC brn:
case STKMC bze:
fprintf(results, "%d", menf{cpu.pc]); break;
/1 no default needed

putc('\n', results);

}

voi d STKMC: : postnorten(FILE *results, STKMC address pcnow)
/1 Report run time error and position
{ putc(’\n", results);



swi tch
{ case
case
case
case
case
case

(ps)
badop:
nodat a:
baddat a:
divzero:
badmem
badi nd:

fprintf(results,

voi d STKMC: : enul at or (STKMC_addr ess i ni t pc,
STKMC _addr ess initsp,

{ STKMC_ address pcnow,

fprintf(results,
fprintf(results,
fprintf(results,
fprintf(results,
fprintf(results,
fprintf(results,

" at %ld\n",

"Il egal opcode");
"No nore data");
"Invalid data");
"Division by zero");
"Menory violation");
" Subscript out of

pcnow) ;

range");

br eak;
br eak;
br eak;

br eak;
br eak;
br eak;

STKMC _addr ess codel en,

bool t

stackmax = initsp;
stackm n = codel en;

ps = running;

cpu.sp = initsp;

cpu.bp = initsp; I
cpu.pc = initpc; 11
do

{ pcnow = cpu. pc;

if (unsigned(nmenfcpu.pc]) > int(STKMC nul)) ps

el se
{ cp

if (tracing) trace(results,

u.ir =

switch (cpu.ir)

{

case STKMC adr:
cpu. sp--;
if (inbounds(cpu.

{ menfcpu. sp]

br eak;

case STKMC |it:
cpu. sp--;
if (inbounds(cpu.
br eak;

case STKMC dsp:

STKMC_opcodes( menf cpu. pcl);

raci ng)

/1 current program counter

initialize registers

initialize program counter

pcnow) ;

sp))

= cpu. bp + nenicpu. pc];

sp)) { menfcpu.sp] =

cpu.sp -= nenicpu. pcl;

if (inbounds(cpu.
br eak;
case STKMC_brn:
cpu. pc = nenicpu.
case STKMC bze:
Cpu. sp++;
if (inbounds(cpu.
{ if (menfcpu.sp
br eak;
case STKMC prs:
if (tracing) fput
int
Cpu. pc++;
whi | e (i nbounds(|

br eak;
case STKMC add:
cpu. sp++;
i f (inbounds(cpu.
br eak;
case STKMC sub:
Cpu. sp++;
if (inbounds(cpu.
br eak;
case STKMC nul :
Cpu. sp++;
i f (inbounds(cpu.
br eak;
case STKMC dvd:
cpu. sp++;
if (inbounds(cpu.
{ if (menfcpu.sp
ps = divzero;
el se

meni cpu. sp] /= nmen{cpu.sp -

br eak;

case STKMC eql :
Cpu. sSp++;
if (inbounds(cpu.
br eak;

case STKMC neq:
Cpu. sp++;

SP)) CPU. pCc++;

pc]; break;

sp))

- 1] == 0) cpu.pc =

S(BLANKS, results);

| oop = meni cpu. pc];

results); |oop--;
results);

Cpu. pc++;

meni cpu. pc];

meni cpu. pcl;

oop) && nmeniloop] != 0)
{ putc(meniloop], }
if (tracing) putc(’'\n’,

FI LE *data, FILE *results,

badop;

Il fetch

/'l execute

cpu. pc++; }

cpu. pc++; }

el se cpu. pc++;

sp)) nenfcpu.sp] += men{cpu.sp - 1];
sp)) menjcpu.sp] -= nmenfcpu.sp - 1];
sp)) nenfcpu.sp] *= men{cpu.sp - 1];
sp))
- ]_] == O)
1];
sp)) menicpu.sp] = (menfcpu.sp] == nenicpu.sp -

}

11);



(menfcpu.sp] !'= nenfcpu.sp - 1]);

if (inbounds(cpu.sp)) nenicpu.sp]
br eak;
case STKMC | ss:
Cpu. sp++;
if (inbounds(cpu.sp)) menicpu.sp]
br eak;
case STKMC geq:
Cpu. spt+;
if (inbounds(cpu.sp)) menfcpu.sp] = (nenicpu.sp] >= nmenjcpu.sp - 1]);
br eak;
case STKMC gtr:
Cpu. sp++;
if (inbounds(cpu.sp)) menfcpu.sp] = (nenficpu.sp] > nenfcpu.sp - 1]);
br eak;
case STKMC | eq:
Cpu. sp++;
if (inbounds(cpu.sp)) menicpu.sp]
br eak;
case STKMC neg:
if (inbounds(cpu.sp)) menfcpu.sp] = -nenicpu.sp];
br eak;
case STKMC val:
if (inbounds(cpu.sp) && inbounds(menicpu.sp]))
menf cpu. sp] = men{ men{ cpu. sp]];
br eak;
case STKMC_st o:
Cpu. sp++;
if (inbounds(cpu.sp) && inbounds(menicpu.sp]))
men{ menf cpu. sp]] = nmenfcpu.sp - 1];
Cpu. spt++;
br eak;
case STKMC i nd:
if ((mrenfcpu.sp + 1] < 0) || (nmenfcpu.sp + 1] >= nenjcpu.sp]))
ps = badi nd;
el se
{ cpu.sp += 2;
if (inbounds(cpu.sp)) menfcpu.sp] -= nenfcpu.sp - 1];

(menf cpu. sp] < menfcpu.sp - 1]);

(menf cpu. sp] <= nmenfcpu.sp - 1]);

br eak;
case STKMC stk:
stackdunp(initsp, results, pcnow); break;
case STKMC hlt:
ps = finished; break;
case STKMC_inn:
if (inbounds(cpu.sp) && inbounds(menicpu.sp]))
{ if (fscanf(data, "%", &men{nenicpu.sp]]) == 0)

ps = baddat a;
el se
Cpu. sp++;
br eak;

case STKMC prn:
if (tracing) fputs(BLANKS, results);
Cpu. sp++;
if (inbounds(cpu.sp)) fprintf(results, " %", menfcpu.sp - 1]);
if (tracing) putc(’\n’, results);
br eak;
case STKMC nl n:
putc('\n’, results); break;
case STKMC_nop:
br eak;
defaul t:
ps = badop; break;

}
} while (ps == running);
if (ps !'= finished) postnortem(results, pcnow);

We should remark that there is rather more error-checking code in this interpreter than we :
like. This will detract from the efficiency of the interpreter, but is code that is probably very
necessary when testing the system.

Exercises



4.20 Can you think of ways in which this interpreter can be improved, both as regards effici
and user friendliness? In particular, try adding debugging aids over and above the simple s
dump already provided. Can you think of any ways in which it could be made to detect infin
loops in a user program, or to allow itself to be manually interrupted by an irate or frustratec

4.21 The interpreter attempts to prevent corruption of the memory by detecting when the m
registers go out of bounds. The implementation above is not totally foolproof so, as a usefu
exercise, improve on it. One might argue that correct code will never cause such corruptior
occur, but if one attempts to write stack machine code by hand, it will be found easy to "pus
without "popping" owice versa, and so the checks are very necessary.

4.22 The interpreter checks for division by zero, but does no other checking that arithmetic
operations will stay within bounds. Improve it so that it does so, bearing in mind that one he
predict overflow, rather than wait for it to occur.

4.23 As an alternative, extend the machine so that overflow detection does not halt the pro
sets an overflow flag in the processor. Provide operations whereby the programmer can ch
flag and take whatever action he or she deems appropriate.

4.24 One of the advantages of an emulated machine is that it is usually very easy to extenc
(provided the host language for the interpreter can support the features required). Try introc
two new operations, sayC andPrC, which will read and print single character data. Then rew
those of Exercises 4.6 that involve characters.

4.25 If you examine the code in Examples 4.4 and 4.5 - and in the solutions to Exercises 4.
will observe that the sequences

ADR x
VAL

and

ADR x
(cal cul ati ons)
STO

are very common. Introduce and implement two new operations

PSH A Push Men{ CPU. BP + A] onto stack to formnew TGOS
POP A Pop TOS and assign Meni CPU.BP + A] := TGS

Then rework some of Exercise 4.6 using these facilities, and comment on the possible advi
of having these new operations available.

4.26 As a further variation on the emulated machine, develop a variation where the branch
instructions are "relative" rather than "absolute”. This makes for rather simpler transition to
relocatable code.

4.27 Is it possible to accomplish Boolean (NOT, AND and OR) operations using the current
instruction set? If not, how would you extend the instruction set to incorporate these? If the
strictly necessary, would they be useful additions anyway?

4.28 As yet another alternative, suppose the machine had a set of condition flagzsariiras
similar to those used in the single-accumulator machine of the last section. How would the
instruction set and the emulator need to be changed to use these? Would their presence m



easier to write programs, particularly those that need to evaluate complex Boolean express
4.4.5 A minimal assembler for the machine

To be able to use this system we must, of course, have some way of loading or assembling
into memory. An assembler might conveniently be developed using the following interface,
similar to that used for the single- accumulator machine.

cl ass STKASM {
publi c:
STKASM char *sourcenanme, STKMC *M;
/1l Opens source file from supplied sourcenane

~STKASM ) ;
/1 C oses source file

voi d assenbl e(bool &errors, STKMC address &codetop,
STKMC_addr ess &stktop);

Assenbl es source code froman input file and | oads codetop

words of code directly into menmory menfO .. codetop-1],

storing strings in the string pool at the top of menmory in

men] stktop .. STKMC nensize-1].

Ret ur ns
codetop = nunber of instructions assenbl ed and stored
in menf{0] .. menicodetop - 1]
stktop =1 + highest byte in nmenory avail abl e
bel ow string pool in men{stktop] .. men{STK_nensize-1]
errors = true if erroneous instruction fornmat detected

Instruction format :
Instruction [ Label ] Opcode [ AddressFiel d] [ Comrent]

Label = I nteger

Opcode = STKMC_Mhenoni ¢
AddressField = Integer | 'String
Coment = String

A string AddressField may only be used with a PRS opcode
Instructions are supplied one to a line; termnated at end of input file

e N UL
e L

}s

This interface would allow us to develop sophisticated assemblers without altering the rest
system - merely the implementation. In particular we can write a load-and-go assembler/int
very easily, using essentially the same system as was suggested in section 4.3.5.

The objective of this chapter is to introduce the principles of machine emulation, and not to
concerned about the problems of assembly. If, however, we confine ourselves to assemblir
where the operations are denoted by their mnemonics, but all the addresses and offsets ar
in absolute form, as was done for Examples 4.4 and 4.5, a rudimentary assembler can be v
relatively easily. The essence of this is described informally by an algorithm like

BEG N
CodeTop : = O;
REPEAT
Ski pLabel ;
I F NOT EOF( SourceFile) THEN
Ext ract ( Mnenoni c) ;
Convert (Mhenoni c, OpCode);
Men{ CodeTop] := OpCode; | ncrenent (CodeTop);
| F OpCode = PRS THEN
Extract (String); Store(String, Address);
Meni CodeTop] := Address; |ncrenment(CodeTop);
ELSIF OpCode in {ADR, LIT, DSP, BRN, BZE} THEN
Extract (Address); Meni CodeTop] := Address; |ncrenent(CodeTop);
END;
I gnor eComent s;
END
UNTI L EOF( SourceFil e)
END

An implementation of this is to be found on the source diskette, where code is assumed to



supplied to the machine in free format, one instruction per line. Comments and labels may
added, as in the examples given earlier, but these are simply ignored by the assembler. Sir
absolute addresses are required, any labels are more of a nuisance than they are worth.

Exercises

4.29 The assembler on the source diskette attempts some, but not much, error detection. i
how it could be improved.

4.30 The machine is rather wasteful of memory. Had we used a byte oriented approach we
have stored the code and the literal strings far more compactly. Develop an implementatior
does this.

4.31 It might be deemed unsatisfactory to locate the literal pool in high memory. An alterna
arrangement would be to locate it immediately above the executable code, on the lines of F
4.6. Develop a variation on the assembler (and, if necessary, the interpreter) to exploit this

Code Literal Pool +— Stack - Uariables
z T
CodeTop
i StkTop
Frogram Counter PC Stack Pointer 5P Base Fointer EF

Figure 4.6 HAlternative memory yusage in & stack oriented computer

Further reading

Other descriptions of pseudo-machines and of stack machines are to be found in the books
Wakerly (1981), Brinch Hansen (1985), Wirth (1986, 1996), Watt (1993), and Bennett (199(

The very comprehensive stack-based interpreter for the Zirich Pascal-P system is fully des
the book by Pemberton and Daniels (1982).
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5 LANGUAGE SPECIFICATION

A study of the syntax and semantics of programming languages may be made at many levt
an important part of modern Computer Science. One can approach it from a very formal vie
or from a very informal one. In this chapter we shall mainly be concerned with ways of spec
the concrete syntax of languages in general, and programming languages in particular. Thi
basis for the further development of the syntax- directed translation upon which much of the
this text depends.

5.1 Syntax, semantics, and pragmatics

People use languages in order to communicate. In ordinary speech they use natural languz
English or French; for more specialized applications they use technical languages like that
mathematics, for example

¥ x3del|X-E|<e

We are mainly concerned with programming languages, which are notations for describing
computations. (As an aside, the word "language” is regarded by many to be unsuitable in t
context. The word "notation” is preferable; we shall, however, continue to use the traditiona
terminology.) A useful programming language must be suited bakstobing and to
implementing the solution to a problem, and it is difficult to find languages which satisfy both
requirements - efficient implementation seems to require the use of low-level languages, wl
description seems to require the use of high-level languages.

Most people are taught their first programming language by example. This is admirable in r
respects, and probably unavoidable, since learning the language is often carried out in par:
the more fundamental process of learning to develop algorithms. But the technique suffers
drawback that the tuition is incomplete - after being shown only a limited number of exampl
is inevitably left with questions of the "can | do this?" or "how do | do this?" variety. In recen
a great deal of effort has been spent on formalizing programming (and other) languages, al
finding ways to describe them and to define them. Of course, a formal programming langue
to be described by using another language. This language of description is called the
metalanguage. Early programming languages were described using English as the metalan
A precise specification requires that the metalanguage be completely unambiguous, and th
strong feature of English (politicians and comedians rely heavily on ambiguity in spoken lar
in pursuing their careers!). Some beginner programmers find that the best way to answer tt
guestions which they have about a programming language is to ask them of the compilers
implement the language. This is highly unsatisfactory, as compilers are known to be error-f
and to differ in the way they handle a particular language.

Natural languages, technical languages and programming languages are alike in several re
each case thentences of a language are composed of setstiohgs of symbols or tokens or
words, and the construction of these sentences is governed by the application of two sets ¢

® Syntax Rules describe thdorm of the sentences in the language. For example, in Engli



sentence "They can fish" is syntactically correct, while the sentence "Can fish they" is
incorrect. To take another example, the language of binary numerals uses only the sy
and 1, arranged in strings formed by concatenation, so that the sentence 101 is synta
correct for this language, while the sentence 1110211 is syntactically incorrect.

® Semantic Rules, on the other hand, define thmeaning of syntactically correct sentences i
language. By itself the sentence 101 has no meaning without the addition of semantic
the effect that it is to be interpreted as the representation of some number using a pos
convention. The sentence "They can fish" is more interesting, for it can have two poss
meanings; a set of semantic rules would be even harder to formulate.

The formal study of syntax as applied to programming languages took a great step forward
1960, with the publication of th&lgol 60 report by Naur (1960, 1963), which used an elegant,
simple, notation known a@ackus-Naur-Form (sometimes calleBackus-Nor mal-Form) which
we shall study shortly. Simply understood notations for describing semantics have not beer
forthcoming, and many semantic features of languages are still described informally, or by
example.

Besides being aware of syntax and semantics, the user of a programming language cannotf
coming to terms with some of the pragmatic issues involved with implementation technique
programming methodology, and so on. These factors govern subtle aspects of the design ¢
every practical language, often in a most irritating way. For example, in Fortran 66 and Fort
the length of an identifier was restricted to a maximum of six characters - a legacy of the wi
on the IBM computer for which the first Fortran compiler was written.

5.2 Languages, symbols, alphabets and strings

In trying to specify programming languages rigorously one must be aware of some features
formal languagetheory. We start with a few abstract definitions:

® A symbol ortoken is an atomic entity, represented by a character, or sometimes by a
or key word, for example, ; END

® An alphabet Ais a non-empty, but finite, set of symbols. For example, the alphabet of
Modula-2 includes the symbols

- /*abcABCBEGIN CASE END

while that for G+ would include a corresponding set

- /*abcABC {switch}

® A phrase, word orstring "over" an alphabed is a sequene== a,a,...a, of symbols fromA.

® [t is often useful to hypothesize the existence of a string of length zero, calledlte®ing
or empty word, usually denoted ky(some authors u¢zinstead). This has the property th
if it is concatenated to the left or right of any word, that word remains unaltered.

ac=ca=a



® The set of all strings of lengthover an alphabe is denoted byA". The set of all strings
(including the null string) over an alphal#ets called itKleene closure or, simply,closure,

and is denoted b#". The set of all strings of length at least one over an alpiaisetalled
its positive closure, and is denoted b&*. Thus

A=p0u Al U A2 U A3

® A languagelL over an alphabéh is a subset of’. At the present level of discussion this
involves no concept of meaning. A language is simply a set of strings. A language cor
of a finite number of strings can be defined simply by listing all those strings, or giving
for their derivation. This may even be possible for simple infinite languages. For exam
might have

L={([a+)"(b])"In>0}
(the vertical stroke can be read "such that"), which defines exciting expressions like
[a+Db]

[a+[a+Db] b]
[a+[a+[a+b] b] b]

5.3 Regular expressions

Several simple languages - but by no means all - can be conveniently specified using the n
regular expressions. A regular expression specifies the form that a string may take by using
symbols from the alphabétin conjunction with a few othenetasymbols, which represent
operations that allow for

@ Concatenation - symbols or strings may be concatenated by writing them next to one a
or by using the metasymbol - (dot) if further clarity is required.

® Alternation - a choice between two symbalandb is indicated by separating them by the
metasymbo]| (bar).

® Repetition - a symboh followed by the metasymbl(star) indicates that a sequence of z
or more occurrences dfis allowable.

® Grouping - a group of symbols may be surrounded by the metasyrhhot) (parentheses)
As an example of a regular expression, consider
1(1]0%0

This generates the set of strings, each of which has a leading 1, is followed by any number
1's, and is terminated with a O - that is, the set

{10, 100, 110, 1000 ... }



If a semantic interpretation is required, the reader will recognize this as the set of strings
representing non-zero even numbers in a binary representation,

Formally, regular expressions may be defined inductively as follows:
® A regular expression denotes a regular set of strings.
® (Jis aregular expression denoting the empty set.
® :is a regular expression denoting the set that contains only the empty string.

® o is a regular expression denoting a set containing only the string

® If A andB are regular expressions, theA Y andA | B andA - B andA” are also regular
expressions.

Thus, for example, & andt are strings generated by regular expressépra)do -t are also
generated by a regular expression.

The reader should take note of the following points:

® As in arithmetic, where multiplication and division take precedence over addition and
subtraction, there is a precedence ordering between these operators. Parentheses tal
precedence over repetition, which takes precedence over concatenation, which in turr
precedence over alternation. Thus, for example, the following two regular expressions
equivalent

his | hers and h(iler)s
and both define the set of strings { his, hers }.

® |f the metasymbols are themselves allowed to be members of the alphabet, the conve
to enclose them in quotes when they appear as simple symbols within the regular exp
For example, comments in Pascal may be described by the regular expression

*

u( nwogn c "y n ") " WhereC € A

® Some other shorthand is commonly found. For example, the positive closure $ymbol

sometimes used, so thedt is an alternative representation & . A question mark is
sometimes used to denote an optional instanegsuf thal? denotes |=. Finally, brackets
and hyphens are often used in place of parentheses and bars, s@B@ltdenotes
(alblc|d|e|B]C).

® Regular expressions have a variety of algebraic properties, among which we can drav
attention to

A| B= B| (commutativity for alternation)
Al( Bl C)=( Al B)| C (associativity for alternation)
Al A= A (absorption for alternation)
( B- C)=( A- B)- C (associativity for concatenation)
A( B] C)= AB| AC (left distributivity)
( Al B) C= AC| BC (right distributivity)

Aeg= £ A= A (identity for concatenation)



A*A = AF (absorption for closure)

Regular expressions are of practical interest in programming language translation because
be used to specify the structure of the tokens (like identifiers, literal constants, and commer
whose recognition is the prerogative of the scanner (lexical analyser) phase of a compiler.

For example, the set of integer literals in many programming languages is described by the
expression

©lt]2]3]4]5]6]7|8]9)"
or, more verbosely, by
©l1]2]3]4]5]6]7(8]9)-@|1[2]3]4]5]6]7|8]9)
or, more concisely, by
[0-91"
and the set of identifiers by a similar regular expression
@lblc].. |2)-0]1].. |9]a].. |2)
or, more concisely, by
[a-zA-Z J[azA-Z0-9 ]
Regular expressions are also powerful enough to describe complete simple assembler lan¢

the forms illustrated in the last chapter, although the complete expression is rather tedious
down, and so is left as an exercise for the zealous reader.

Exercises

5.1 How would the regular expression for even binary numbers need modification if the stril
(zero) was allowed to be part of the language?

5.2 In some programming languages, identifiers may have embedded underscore characte
However, the first character may not be an underscore, nor may two underscores appear ir
succession. Write a regular expression that generates such identifiers.

5.3 Can you find regular expressions that describe the foraAfliteral constants in Pascal? Ir
C++? In Modula-2?

5.4 Find a regular expression that generates the Roman representation of numbers from 1
99.

5.5 Find a regular expression that generates strings like "facetious” and "abstemious" that «
all five vowels, in order, but appearing only once each.



5.6 Find a regular expression that generates all strings of 0's and 1's that have an odd nurr
and an even number of 1's.

5.7 Describe the simple assembler languages of the last chapter by means of regular expre

5.4 Grammar s and productions

Most practical languages are, of course, rather more complicated than can be defined by re
expressions. In particular, regular expressions are not powerful enough to describe langua
manifestself-embedding in their descriptions. Self-embedding comes about, for example, in
describing structured statements which have components that can themselves be statemer
expressions comprised of factors that may contain further parenthesized expressions, or ve
declared in terms of types that are structured from other types, and so on.

Thus we move on to consider the notion gfammar. This is essentially a set of rules for

describingsentences - that is, choosing the subsetsffin which one is interested. Formally, a
grammarG is a quadruple {, T, S P } with the four components

(&) N - a finite set ohon-terminal symbols,

(b) T - a finite set oferminal symbols,

(c) S- a speciagoal or start ordistinguished symbol,

(d) P - a finite set oproduction rules or, simply,productions.

(The word "set" is used here in the mathematical sense.) A sentence is a string composed
terminal symbols chosen from the $eOn the other hand, the $¢tdenotes theyntactic classes
of the grammar, that is, general components or concepts used in describing sentence cons

The union of the sefd andT denotes thgocabulary V of the grammar.
V =NuUT

and the setdl andT are required to be disjoint, so that
NNT=0

where @ is the empty set.

A convention often used when describing grammars in the abstract is to use lower-case Gr
letters &, 3, ¥, ...) to represent strings of terminals and/or non-terminals, capital Roman letter

(A, B, C ...) to represent single non- terminals and lower case Roman latters (..) to represen
single terminals. Each author seems to have his or her own set of conventions, so the read
be on guard when consulting the literature. Furthermore, when referring to the types of strir
generated by productions, use is often made of the closure operators. Thus, ifcacstnisigts of
zero or more terminals (and no non-terminals) we should write

*

we€ T

while if &« consists of one or more non-terminals (but no terminals)



ae Nt
and ifec consists of zero or more terminals and/or non-terminals
«€ (NUT) thatis,a € V"

English words used as the names of non-terminalssdikence or noun are often non-terminals.
When describing programming languages, reserved or key wordgNiik&EGIN andCASH are
inevitably terminals. The distinction between these is sometimes made with the use of diffe
face - we shall usialic font for non-terminals anshonospaced font  for terminals where it is
necessary to draw a firm distinction.

This probably all sounds very abstruse, so let us try to enlarge a little, by considering Englis
written language. The s&there would be one containing the 26 letters of the common alpha
and punctuation marks. The $&would be the set containing syntactic descriptors - simple or
like noun, adjective, verb, as well as more complex ones lik@in phrase, adverbial clause and
complete sentence. The seP would be one containing syntactic rules, such as a description o
noun phrase as a sequence afdljective followed bynoun. Clearly this set can become very large
indeed - much larger thanor evenN. The productions, in effect, tell us how we danve
sentences in the language. We start from the distinguished s§nfladiich is always a
non-terminal such asomplete sentence) and, by making successive substitutions, work throug
sequence of so- calledntential forms towards the final string, which contains terminals only.

There are various ways of specifying productions. Essentially a production is a rule relating
pair of strings, say ands, specifying how one may be transformed into the other. Sometimes
are calledewriterules or syntax equations to emphasize this property. One way of denoting

general production is

¥ — B

To introduce our last abstract definitions, let us suppose drat: are two strings each consistir
of zero or more non-terminals and/or terminals (thatis€ V= (NUT)").

® |f we can obtain the strirngfrom the strings by employingone of the productions of the
grammarG, then we say thatdirectly produces: (or thatr is directly derived fromg), and
express this as=1 .

That is, ife =« andt =«¥3, ands — ¥ is a production i, theno = 1.

® [f we can obtain the stringfrom the strings by applyingn productions of5, withn2 1, then
we say thas producest in a non-trivial way (or thatz is derived froma in a non-trivial way),

and express this a==" 1.

That is, if there exists a sequelrgex,, &, ...c (With k2 1), such that

o=,

o =1,



theno =" ¢ .

® |f we can produce the stringrom the string: by applyingn productions of5, withn2 0
(this includes the above and, in addition, the trivial case wirerg then we say that

produces (or thatr is derived fromo ), and express this =" .

® |n terms of this notation, sentential form is the goal or start symbol, any string that can
be derived from it, that is, any strisguch that=" .

® A grammar is calledecursive if it permits derivations of the forma =+ w) Aw,, (Where
A€ N, andw,, w, € V *. More specifically, it is calleteft recursive if A=+ Aw andright
recursive if A="4w A

® A grammar isself-embedding if it permits derivations of the form =* wy Aw,, (Where

A€ N, and wherg,, w, € V¥, but wheres; orw, contain at least one terminal (that is
@ NT)U @NT)*3).

® Formally we can now define a languddé&) produced by a gramm& by the relation

LG) ={w|we T";S="w}

5.5 Classic BNF notation for productions

As we have remarked, a production is a rule relating to a pair of strin¢jsasdy specifying how
one may be transformed into the other. This may be dex—i] and for simple theoretical
grammars use is often made of this notation, using the conventions about the use of upper
letters for non-terminals and lower case ones for terminals. For more realistic grammars, st
those used to specify programming languages, the most common way of specifying produc
many years was to use an alternative notation invented by Backus, and first called
Backus-Normal-Form. Later it was realized that it was not, strictly speaking, a "normal form
was renamed Backus-Naur-Form. Backus and Naur were largely responsibleAigotta® report
(Naur, 1960 and 1963), which was the first major attempt to specify the syntax of a progran
language using this notation. Regardless of what the acronym really stands for, the notatiol
universally known aBNF.

In classic BNF, a non-terminal is usually given a descriptive name, and is written in angle b
to distinguish it from a terminal symbol. (Remember that non-terminals are used in the con:
of sentences, although they do not actually appear in the final sentence.) In BNF, productic
the form

leftside— definition
Here =" can be interpreted as "is defined as" or "produces” (in some texts the symimlsed

in preference t—). In such productions, botkftside anddefinition consist of a string
concatenated from one or more terminals and non-terminals. In fact, in terms of our earlier



leftsde€ (NUT)*
and
definitione (NUT)"

although we must be more restrictive than that|ditside must contain at least one non-terminz
so that we must also have

leftsiden N @

Frequently we find several productions with the séefiesde, and these are often abbreviated b
listing thedefinitions as a set of one or more alternatives, separated by a vertical bar symbol

5.6 Simple examples

It will help to put the abstruse theory of the last two sections in better perspective if we con:
two simple examples in some depth.

Our first example shows a grammar for a tiny subset of English itself. In full detail we have

G={ N, T, S, P}

N={ <sentence >, <qualified noun >, <noun>, <pronoun >, <verb >, <adjective >}

T ={the, man, girl, boy , lecturer , he , she , drinks , sleeps,

mystifies , tall , thin , thirsty }
S= <sentence >
P={ <sentence > —*+ the <qualified noun > <verb > (1)
<pronoun > <verb > 2)

<qualified noun > —F <adjective > <noun> 3
<noun > — man | girl | boy | lecturer (4,5,6,7)
<pronoun > —* he | she 8,9
<verb > —* talks | listens | mystifies (10, 11, 12)
<adjective > —* tall | thin | sleepy (13, 14, 15)

}

The set of productions defines the non-term#saintence as consisting of either the terminal "t
followed by a<qualified nourn followed by a<verb>, or as apronour followed by a<verb-. A
<qualified nourn is an<adjective followed by a<nours, and a<nour» is one of the terminal
symbols "man” or "girl" or "boy" or "lecturer". Apronourr is either of the terminals "he" or "sh
while a<verb> is either "talks" or "listens" or "mystifies". Hetsentence, <noun-, <qualified
noure, <pronourr, <adjective and<verb> are non-terminals. These do not appear in any sent
of the language, which includes such majestic prose as

the thin lecturer mystifies
he talks
the sleepy boy listens

From a grammar, one non-terminal is singled out as the so-galiedr start symboal. If we want
to generate an arbitrary sentence we start with the goal symbol and successively replace ea
non-terminal on the right of the production defining that non-terminal, until all non-terminals
been removed. In the above example the syrdmmtence is, as one would expect, the goal
symbol.

Thus, for example, we could start withentence and from this derive the sentential form



the<qualified noun <verb>

In terms of the definitions of the last section we say<tbkahtence directly produces "the
<qualified nour <verb>". If we now apply production 3{qualified nous — <adjective- <noun-
) we get the sentential form

the<adjective <nour» <verb>
In terms of the definitions of the last section, "tg@alified nour <verb>" directly produces "the
<adjective <noun» <verb>", while <sentence has produced this sentential form in a non-trivial
way. If we now follow this by applying production 14ddjective- — thin ) we get the form

the thin<noun> <verb>
Application of production 10 {verb>— talks ) gets to the form

the thin<noun- talks
Finally, after applying production 6<goun>— boy ) we get the sentence

the thin boy talks
The end result of all this is often represented by a tree, as in Figure 5.1, which gihvasea
structuretree or parsetree for our sentence. In this representation, the order in which the
productions were used is not readily apparent, but it should now be clear why we speak of

"terminals” and "non-terminals” in formal language theory - the leaves of such a tree are all
terminals of the grammar; the interior nodes are all labelled by non-terminals.

<5€nTence>
I | |

the <gualified noun’ {uerb’

Ladject ivex Lnoun talks

thin bow
Figure 5.1 Parse tree for "the thin bow talks™

A moment’s thought should reveal that there are many possible derivation paths from the g
start symbol to the final sentence, depending on the order in which the productions are app
convenient to be able to single out a particular derivation as ti&aigrivation. This is generally
called thecanonical derivation, and although the choice is essentially arbitrary, the usual one
that where at each stage in the derivation the left-most non-terminal is the one that is repla
is called deft canonical derivation. (In a similar way we could definerght canonical
derivation.)

Not only is it important to use grammars generatively in this way, it is also important - perhe
more so - to be able to take a given sentence and determine whether it is a valid member c
language - that is, to see whether it could have been obtained from the goal symbol by a st
choice of derivations. When mere recognition is accompanied by the determination of the

underlying tree structure, we speakpaf sing. We shall have a lot more to say about this in lat
chapters; for the moment note that there are several ways in which we can attempt to solve



problem. A fairly natural way is to start with the goal symbol and the sentence, and, by reac
sentence from left to right, to try to deduce which series of productions must have been apy

Let us try this on the sentence
the thin boy talks

If we start with the goatsentence we can derive a wide variety of sentences. Some of these
arise if we choose to continue by using production 1, some if we choose production 2. By rt
no further than "the" in the given sentence we can be fairly confident that we should try pro
1.

<sentence — the<qualified nour <verb>.

In a sense we now have a residual input string "thin boy talks" which somehow must match
<qualified nourn <verb>. We could now choose to substitute $oerb> or for<qualified noun.
Again limiting ourselves to working from left to right, our residual sentential taqualified nourn
<verb> must next be transformed irtadjective- <nour» <verb> by applying production 3.

In a sense we now have to match "thin boy talks" with a residual sententialddjective
<noun> <verb>. We could choose to substitute for anyafljective-, <noun- or <verb>; if we read
the input string from the left we see that by using production 14 we can reduce the problem
matching a residual input string "boy talks" to the residual sententialkiooom> <verb>. And so i
goes; we need not labour a very simple point here.

The parsing problem is not always as easily solved as we have done. It is easy to see that
algorithms used to parse a sentence to see whether it can be derived from the goal symbol
very different from algorithms that might be used to generate sentences (almost at random’
from the start symbol. The methods used for successful parsing depend rather critically on
in which the productions have been specified; for the moment we shall be content to exami
sets of productions without worrying too much about how they were developed.

In BNF, a production may define a non-terminal recursively, so that the same non-terminal
occur on both the left and right sides of —esign. For example, if the production tayualified
nour» were changed to

<qualified nour — <nour- | <adjective- <qualified nourn (3a, 3b)
this would define aqualified nour as either anour», or an<adjective followed by a<qualified
nour» (which in turn may be anours, or an<adjective- followed by a<qualified nour and so
on). In the final analysis equalified nous would give rise to zero or moradjective-s followed
by a<noun-. Of course, a recursive definition can only be useful provided that there is some
terminating it. The single production

<qualified noun — <adjective- <qualified nour (3b)
is effectively quite useless on its own, and it is the alternative production

<qualified nourn — <nour- (3a)

which provides the means for terminating the recursion.



As a second example, consider a simple grammar for describing a somewhat restricted set
algebraic expressions:

G={ N, T, S, P}

N={ <goal >, <expression >, <term >, <factor >}

T={ a, b, c, -,*}

S= <goal >

P=
<goal > —F <expression > (1)
<expression > —F <term >| <expression > - <term > 2,3)
<term > —* <factor >| <term >* <factor > (4,5)
<factor > —+ a| b| c (6,7,8)

It is left as an easy exercise to show that it is possible to derive theastirfgc using these
productions, and that the corresponding phrase structure tree takes the form shown in Figu

A point that we wish to stress here is that the construction of this tree has, happily, reflecte«
relative precedence of the multiplication and subtraction operations - assuming, of course,
symbolst and - are to have implied meanings of "multiply” and "subtract" respectively. We ¢
also point out that it is by no means obvious at this stage how one goes about designing a
productions that not only describe the syntax of a programming language but also reflect sc
semantic meaning for the programs written in that language. Hopefully the reader can fores
there will be a very decided advantage if such a cleaicde made, and we shall have more to
about this in later sections.

<goal
1

LEHpression

LeHpression® <t§rm>
[
<t?rm> Lhermk “factor:
1
“factor <Fa?tnr>
1
a = b * =1

Figure 5.2 Parse tree for the edpression a — b # o

Exercises

5.8 What would be the shortest sentence in the language defined by our first example? Wh
be the longest sentence? Would there be a difference if we used the alternative production
3b)?

5.9 Draw the phrase structure trees that correspond to the expressimneanda* b * c using
the second grammar.

5.10 Try to extend the grammar for expressions so as to incorporatare operators.

5.7 Phrase structure and lexical structure

It should not take much to see that a set of productions for a real programming language gi
will usually divide into two distinct groups. In such languages we can distinguish between tt
productions that specify th#hrase structure - the way in which the words or tokens of the



language are combined to form components of programs - and the productions that specify
lexical structure orlexicon - the way in which individual characters are combined to form suc
words or tokens. Some tokens are easily specified as simple constant strings standing for

themselves. Others are more generic - lexical tokens such as identifiers, literal constants, &
are themselves specified by means of productions (or, in many cases, by regular expressic

As we have already hinted, the recognition of tokens for a real programming language is us
done by a scanner (lexical analyser) that returns these tokens to the parser (syntax analyse
demand. The productions involving only individual characters on their right sides are thus tl
productions used by a sub-parser forming part of the lexical analyser, while the others are
productions used by the main parser in the syntax analyser.

5.8 -productions

The alternatives for the right-hand side of a production usually consist of a string of one or |
terminal and/or non-terminal symbols. At times it is useful to be able to derive an empty stri
is, one consisting of no symbols. This string is usually denoteavbhen it is necessary to revea
its presence explicitly. For example, the set of productions

<unsigned integer > —F  <digit > <rest of integer >
<rest of integer > — <digit > <rest of integer >| £
<digit > —* 0|1]2|3]4]|5/6]718]9

defines<rest of integer as a sequence of zero or medégit>s, and henceunsigned integeris
defined as a sequence of one or maligit>s. In terms of our earlier notation we should have

<rest of integer > —  <digit >
or

<unsigned integer > —  <digit >*
The production

<rest of integer > —* ¢

is called anull production, or ane-production, or sometimeslambda production (from an
alternative convention of usiriginstead o# for the null string). Applying a production of the foi
L — = amounts to the erasure of the non-termineibm a sentential form; for this reason such
productions are sometimes calldsures. More generally, if for some strirgt is possible that

*
o = £

then we say thatis nullable. A non-terminaL is said to be nullable if it has a production whos
definition (right side) is nullable.

5.9 Extensionsto BNF

Various simple extensions are often employed with BNF notation for the sake of increased
readability and for the elimination of unnecessary recursion (which has a strange habit of c



people brought up on iteration). Recursion is often employed in BNF as a means of specify
simple repetition, as for example

<unsigned integer > —F <digit >| <digit > <unsigned integer >
(which uses right recursion) or

<unsigned integer > —# <digit >| <unsigned integer > <digit >

(which uses left recursion).

Then we often find several productions used to denote alternatives which are very similar, 1
example

<integer > —#  <unsigned integer >| <sign > <unsigned integer >
<unsigned integer > —F* <digit >| <digit > <unsigned integer >
<sign > —F +| -

using six productions (besides the omitted obvious oneglfgit>) to specify the form of an
<integee.

The extensions introduced to simplify these constructions lead to what is kn&BINES
(Extended BNF). There have been many variations on this, most of them inspired by the
metasymbols used for regular expressions. Thus we might find the use of the Kleene closu
operators to denote repetition of a symbol zero or more times, and the use of round bracke
parentheses () to group items together.

Using these ideas we might define an integer by

<integer > — <sign > <unsigned integer >
<unsigned integer > —F  <digit >( <digit >) "
<sign > —+ -+ -] €
or even by
<integer > —+ (+] - &) <digit >( <digit >)*

which is, of course, nothing other than a regular expression anyway. In fact, a language the
expressed as a regular expression can always be expressed in a single EBNF expression.

5.9.1 Wirth’sEBNF notation

In defining Pascal and Modula-2, Wirth came up with one of these many variations on BNF
has now become rather widely used (Wirth, 1977). Further metasymbols are used, so as to
more succinctly the many situations that otherwise require combinations of the Kleene clos
operators and thestring. In addition, further simplifications are introduced to facilitate the
automatic processing of productions by parser generators such as we shall discuss in a lat
In this notation for EBNF:

Non-terminals ~ are written as single words, asvarDeclaration (rather than the
<Var Declaration of our previous notation)

Terminals are all written in quotes, as iBEGIN"
(rather than as themselves, as in BNF)

| is used, as before, to denote alternatives

() (parentheses) are used to denote grouping

[1] (brackets) are used to denote the optional appearance of a



symbol or group of symbols

{1} (braces) are used to denote optional repetition of a symbol
or group of symbols

= is used in place of the= or— symbol
is used to denote the end of each production

* * are used in some extensions to allow comments
€ can be handled by using the [ ] notation
spaces are essentially insignificant.
For example

I nt eger = Si gn Unsi gnedl nt eger .

Unsi gnedl nteger = digit { digit }.

Si gn = -

di git = 0" ATt 2|t 3|t 4|t 5|t o8|t 7|t o8|t 9.

The effect is that non-terminals are less "noisy" than in the earlier forms of BNF, while term
are "noisier". Many grammars used to define programming language employ far more
non-terminals than terminals, so this is often advantageous. Furthermore, since the termine
non-terminals are textually easily distinguishable, it is usually adequate to give only the set
productions® when writing down a grammar, and not the complete quadrugld{S P }.

As another example of the use of this notation we show how to describe a set of EBNF pro
in EBNF itself:

EBNF = { Production}.
Production = nontermnal " =" Expression".".
Expression =  Term{"|" Term}.
Term = Factor { Factor }.
Fact or = nonterminal | termnal |"[" Expression"]"
| " Expression")"|"{" Expression"}".
nontermnal = letter { letter}.
termnpal ="" character { character }"|™ character { character }™.

character = (*implementation defined *) .

Here we have chosen to spahterminal andterminal in lower case throughout to emphasize t
they are lexical non-terminals of a slightly different status from the otherBriddeiction,
Expression, Term andFactor.

A variation on the use of braces allows the (otherwise impossible) specification of a limit on
number of times a symbol may be repeated - for example to express that an identifier in Fo
may have a maximum of six characters. This is done by writing the lower and upper limits ¢
and super-scripts to the right of the curly braces, as for example

Fortranidentifier — letter { letter | digit }°

5.9.2 Semantic overtones

Sometimes productions are developed to give semantic overtones. As we shall see in a lati
this leads more easily towards the possibility of extendiragtabuting the grammar to incorpore
a formal semantic specification along with the syntactic specification. For example, in descl
Modula-2, where expressions and identifiers fall into various classes at the static semantic
might find among a large set of productions:

Const Decl arations =" CONST
Constldentifier " =" Const Expression";"
Constldentifier " =" ConstExpression""}.
Const | denti fier = identifier .



Const Expression = Expression.

5.9.3 TheBritish Standard for EBNF

The British Standards Institute has a published standard for EBNF (BS6154 of 1981). The |
standard notation is noisier than Wirth’s one: elements of the productions are separated by
productions are terminated by semicolons, and spaces become insignificant. This means tf
compound words lik€onstldentifier are unnecessary, and can be written as separate words.
example in BSI notation follows:

Constant Declarations =" CONST,
Constant ldentifier, " =", Constant Expression, ",
Constant ldentifier, " =", Constant Expression, ""};
Constant ldentifier = identifier;
Const ant Expression = Expression;

5.9.4 Lexical and phrase structure emphasis

We have already commented that real programming language grammars have a need to sj
phrase structure as well as lexical structure. Sometimes the distinction between "lexical" ar
"syntactic" elements is taken to great lengths. For example we might find:

Const Decl arations = const Sym
Constldentifier equals ConstExpression semicol on
{ Constl dentifier equals ConstExpression senicolon}.

with productions like

const Sym CONST.
semi col on

equal s =" =".

and so on. This may seem rather long-winded, but there are occasional advantages, for ex
allowing alternatives for limited character set machines, as in

| ef t Bracket =" [“1" "
poi nter Sym =" "

as is used in some Pascal systems.
5.9.5 Cocol

The reader will recall from Chapter 2 that compiler writers often make use of compiler gene
to assist with the automated construction of parts of a compiler. Such tools usually take as
augmented description of a grammar, one usually based on a variant of the EBNF notation
have just been discussing. We stress that far more is required to construct a compiler than
description of syntax - which is, essentially, all that EBNF can provide. In later chapters we
describe the use of a specific compiler generator, Coco/R, a product that originated at the

University of Linz in Austria (Rechenberg and Méssenbdck, 1989, Mdssenbéck, 1990a,b). -
name Coco/R is derived froncbmpiler-Compiler/Recursive descent. A variant of Wirth’s EBN
known as Cocol/R is used to define the input to Coco/R, and is the notation we shall prefer
rest of this text (to avoid confusion between two very similar acronyms we shall simply refe
Cocol/R as Cocol). Cocol draws a clear distinction between lexical and phrase structure, ar
makes clear provision for describing the character sets from which lexical tokens are consti

A simple example will show the main features of a Cocol description. The example describt
calculator that is intended to process a sequence of simple four-function calculations involv
decimal or hexadecimal whole numbers, for examaple * 8 = Or $3F / 7 + $1AF =



COMPILER Calculator

CHARACTERS
digit ="0123456789" .
hexdigit = digit + "ABCDEF" .

IGNORE CHR(1) .. CHR(31)

TOKENS
decNumber = digit { digit } .
hexNumber ="$" hexdigit { hexdigit } .

PRODUCTIONS
Calculator = { Expression "="1}.
Expression = Term { "+" Term | "-" Term }.
Term = Factor { "*" Factor | "/" Factor } .
Factor = decNumber | hexNumber .

END Calculator.

The CHARACTERSection describes the set of characters that can appear in decimal or hexac
digit strings - the right sides of these productions are to be interpreted as defining setKEN%&
section describes the valid forms that decimal and hexadecimal numbers may take - but no
we do not, at this stage, indicate how the values of these numbers are to be computed fron
digits. ThePRODUCTIONSection describes the phrase structure of the calculations themselve
again without indicating how the results of the calculations are to be obtained.

At this stage it will probably come as no surprise to the reader to learn that Cocol, the langt
the input to Coco/R, can itself be described by a grammar - and, indeed, we may write this
in a way that it could be processed by Coco/R itself. (Using Coco/R to process its own gran
of course, just another example of the bootstrapping techniques discussed in Chapter 3; Cq
another good example of a self-compiling compiler). A full description of Coco/R and Cocol
appears later in this text, and while the finer points of this may currently be beyond the reac
comprehension, the following simplified description will suffice to show the syntactic elemel
most importance:

COMPILER Cocol

CHARACTERS
letter = "ABCDEFGHIJKLMNOPQRSTUVWXY Zabcdefghijkimnopgrstuvwxyz" .
digit ="0123456789" .
tab = CHR(9) .
cr = CHR(13).
If = CHR(10) .
noQuote2 =ANY-"-cr-If.
noQuotel =ANY-""-cr-If.

IGNORE tab + cr + If

TOKENS
identifier = letter { letter | digit } .
string =""{noQuote2 } " | " { noQuotel } """ .
number = digit { digit } .
PRODUCTIONS
Cocol ="COMPILER" Goal
[ Characters ]
[ Ignorable ]
[ Tokens ]
Productions
"END" Goal ".".
Goal = identifier .

Characters ="CHARACTERS" { NamedCharSet } .

NamedCharSet = Setldent "=" CharacterSet "." .

CharacterSet = SimpleSet { "+" SimpleSet | "-" SimpleSet } .
SimpleSet = Setldent | string | SingleChar [ ".." SingleChar ] | "ANY" .
SingleChar ="CHR""(" number ")".

Setldent = identifier .

Ignorable ="IGNORE" CharacterSet .

Tokens ="TOKENS" { Token } .
Token = Tokenldent "=" TokenExpr "." .



TokenExpr = TokenTerm {"|" TokenTerm}.
TokenTerm = TokenFactor { TokenFactor } [ "CONTEXT" (" TokenExpr ")"] .
TokenFactor = TokenSymbol | "(" TokenExpr ")" | "[* TokenExpr ""
| "{" TokenExpr "}" .
TokenSymbol = Setldent | string .
Tokenldent = identifier .

Productions ="PRODUCTIONS" { Production } .
Production = NonTerminal "=" Expression ".".
Expression =Term {"|" Term}.

Term = Factor { Factor } .

Factor = Symbol | (" Expression ")" | "[" Expression "]"
| "{" Expression "}" .
Symbol = string | NonTerminal | Tokenldent .

NonTerminal = identifier .

END Cocaol.

The following points are worth emphasizing:

® The productions in theOKENSsection specify identifiers, strings and numbers in the usL
simple way.

® The first production (for Cocol) shows the overall form of a grammar description as
consisting of four sections, the first three of which are all optional (although they are u
present in practice).

® The productions foCharacterSets  show how character sets may be given naiSetkléents)
and values (o8 mpleSets).

® The production forgnorable  allows certain characters - typically line feeds and other
unimportant characters - to be included in a set that will simply be ignored by the scar
when it searches for and recognizes tokens.

® The productions forokens show how tokens (terminal classes) may be namadbl dents)
and defined by expressions in EBNF. Careful study of the semantic overtones of thes:
productions will show that they are not self-embedding - that is, one token may not be
in terms of another token, but only as a quoted string, or in terms of characters chose!
the named character sets defined indRe@RACTERSection. This amounts, in effect, to
defining these tokens by means of regular expressions, even though the notation use:
the same as that given for regular expressions in section 5.3.

® The productions foProductions ~ show how we define the phrase structure by naming
NonTerminals and expressing their productions in EBNF. Notice that herarallowed to
have self-embedding and recursive productions. Although terminals may again be spe
directly as strings, we are not allowed to use the names of character sets as symbols
productions.

® Although it is not specified by the grammar above, one non-terminal must have the sa
identifier name as the grammar itself to act as the goal symbol (and, of course, all ide!
must be "declared" properly).

® |t is possible to write input in Cocol that is syntactically correct (in terms of the grammi
above) but which cannot be fully processed by Coco/R because it does not satisfy oth
constraints. This topic will be discussed further in later sections.

We stress again that Coco/R input really specifigsgrammars. One is the grammar specifying
the non- terminals for the lexical analyse0KEN$ and the other specifies non-terminals for the



higher level phrase structure grammar used by the syntax an&Re&UCTIONS However,
terminals may also be implicitly declared in the productions section. So the following, in one
may appear to be equivalent:

COMPILER Sample (* one *)

CHARACTERS
letter = "ABCDEFGHIJKLMNOPQRSTUVWXY Zabcdefghijkimnopgrstuvwxyz" .

TOKENS
ident = letter { letter } .

PRODUCTIONS
Sample = "BEGIN" ident ":=" ident "END" .

END Sample .

COMPILER Sample (* two *)

CHARACTERS
letter = "ABCDEFGHIJKLMNOPQRSTUVWXY Zabcdefghijkimnopgrstuvwxyz" .

TOKENS
Letter = letter .

PRODUCTIONS
Sample = "BEGIN" Ident ":=" Ident "END" .
Ident = Letter { Letter }.

END Sample .

COMPILER Sample (* three *)

CHARACTERS
letter = "ABCDEFGHIJKLMNOPQRSTUVWXY Zabcdefghijkimnopgrstuvwxyz" .

TOKENS
ident = letter { letter } .
begin = "BEGIN" .
end ="END".
becomes =":=".

PRODUCTIONS
Sample = begin ident becomes ident end .

END Sample .

Actually they are not quite the same. Since Coco/R always ignores spaces (other than in st
the second one would treat the input

ACE:=SPADE
as the first would treat the input
ACE := SPADE

The best simple rule seems to be that one should declarenandgsany class of symbol that h
to be recognized as a contiguous string of characters, and of which there may be several ir
(this includes entities like identifiers, numbers, and strings) - as well as special character te
(like EOL) that cannot be graphically represented as quoted characters. Reserved keywords
symbols like *=" are probably best introduced as terminals implicitly declared iRRI@®UCTION:
section. Thus grammar (1) above is probably the best so far as Coco/R is concerned.

Exercises



5.11 Develop simple grammars to describe each of the following
(a) A person’s name, with optional title and qualifications (if any), for example

S.B. Terry , BSc
Master Kenneth David Terry
Helen Margaret Alice Terry

(b) A railway goods train, with one (or more) locomotives, several varieties of trucks,
and a guard’s van at the rear.

(c) A mixed passenger and goods train, with one (or more) locomotives, then one or
more goods trucks, followed either by a guard’s van, or by one or more passenger
coaches, the last of which should be a passenger brake van. In the interests of safety
to build in a regulation to the effect that fuel trucks may not be marshalled immediatel
behind the locomotive, or immediately in front of a passenger coach.

(d) A book, with covers, contents, chapters and an index.
(e) A shopping list, with one or more items, for example
3 Practical assignments
124 bottles Castle Lager
12 cases Rhine Wine
large box aspirins

(f) Input to a postfix (reverse Polish) calculator. In postfix notation, brackets are not
used, but instead the operators are placed after the operands.

For example,
infix expression reverse Polish equivalent
6+9= 69+=
(a+b)*(c+d) ab+cd+*

(g) A message in Morse code.
(h) Unix or MS-DOS file specifiers.
(1) Numbers expressed in Roman numerals.

()) Boolean expressions incorporating conjunction (OR), disjunction (AND) and
negation (NOT).

5.12 Develop a Cocol grammar using only BNF-style productions that defines the rules for
expressing a set of BNF productions.

5.13 Develop a Cocol grammar using only BNF-style productions that defines the rules for
expressing a set of EBNF productions.

5.14 Develop an EBNF grammar that defines regular expressions as described in section £



5.15 What real practical advantage does the Wirth notation using [ ] and { } afford over the |
the Kleene closure symbols?

5.16 In yet another variation on EBMEan be written into an empty right side of a production
explicitly, in addition to being handled by using the [ ] notation, for example:

Sign="+"|" =", (*the £ or null is between the last | and . *)

Productions like this cannot be described by the productions for EBNF given in section 5.9.
Develop a Cocol grammar that describes EBNF productionsldialow an empty string to appe
implicitly.

5.17 The local Senior Citizens Association make a feature of Friday evenings, when they e
mediocre group to play for dancing. At such functions the band perform a number of selecti
interspersed with periods of silence which are put to other good use. The band have only fc
of selection at present. The first of these consists of waltzes - such a selection always start
slow waltz, which may be followed by several more slow waltzes, and finally (but only if the
of the evening demands it) by one or more fast waltzes. The second type of selection consi
several Rock’'n’Roll numbers. The third is a medley, consisting of a number of tunes of any
played in any order. The last is the infamous "Paul Jones", which is a special medley in wh
second tune is "Here we go round the mulberry bush". During the playing of this, the dance
pretend to change partners, in some cases actually succeeding in doing so. Develop a grar
which describes the form that the evening assumes.

5.18 Scottish pipe bands often compete at events called Highland Gatherings where three
competition are traditionally mounted. There is the so-called "Slow into Quick March" comp
in which each band plays a single Slow March followed by a single Quick March. There is t
so-called "March, Strathspey and Reel" competition, where each band plays a single Quick
followed by a single Strathspey, and then by a single Reel; this set may optionally be follow
further Quick March. And there is also the "Medley", in which a band plays a selection of tu
almost any order. Each tune fall into one of the categories of March, Strathspey, Reel, Slov
Jig and Hornpipe but, by tradition, a group of one or more Strathspeys within such a medle
always followed by a group of one or more Reels.

Develop a grammar to describe the activity at a Highland Gathering at which a number of
competitions are held, and in each of which at least one band performs. Competitions are f
one category at a time. Regard concepts like "March", "Reel" and so on as terminals - in fa
are many different possible tunes of each sort, but you may have to be a piper to recognize
from another.

5.19 Here is an extract from the index of my forthcoming bestseller "Hacking out a Degree"

abstract class 12, 45

abstraction, data 165

advantages of Modula-2 1-99, 100-500, Appendix 4
aegrotat examinations -- see unethical doctors
class attendance, intolerable 745

deadlines, compiler course -- see sunrise

horrible design (C and+@) 34, 45, 85-96

lectures, missed 1, 3, 5-9, 12, 14-17, 21-25, 28
recursion -- see recursion

senility, onset of 21-24, 105



subminimum 30
supplementary exams 45 - 49
wasted years 1996-1998

Develop a grammar that describes this form of index.

5.20 You may be familiar with the "make" facility that is found on Unix (and sometimes on
MS-DOS) for program development. A "make file" consists of input tentlke command that
typically allows a system to be re-built correctly after possibly modifying some of its compol
parts. A typical example for a system involving®&ompilation is shown below. Develop a
grammar that describes the sort of make files that you may have used in your own prograrn
development.

# makefile for maintaining my compiler
CFLAGS = -Wall
CC =g++
HDRS = parser.h scanner.h generator.h
SRCS = compiler.cpp\
parser.cpp scanner.cpp generator.cpp
OBJS = compiler.o parser.o scanner.o generator.o

%.0: %.cpp $(HDRS)
$(CC) -¢ $(CFLAGS) $<

all:  compiler
new: clean compiler

cin:  $(OBJS)
$(CC) -0 cIn $(CFLAGS) $(OBJS)

clean:

rm*.o
rm compiler

5.21 C programmers should be familiar with the use of the standard fursetiensandprintf
for performing input and output. Typical calls to these functions are

scanf("%d %s %c", &n, string, &ch);
printf("Total = %-10.4d\nProfit = %d\%%\n", total, profit);

in which the first argument is usually a literal string incorporating various specialized format
specifiers describing how the remaining arguments are to be processed.

Develop a grammar that describes such statements as fully as you can. For simplicity restr
yourself to the situation where any arguments after the first refer to simple variables.

Further reading

The use of BNF and EBNF notation is covered thoroughly in all good books on compilers a
syntax analysis. Particularly useful insight will be found in the books by Watt (1991), Pittma
Peters (1992) and Gough (1988).

5.10 Syntax diagrams

An entirely different method of syntax definition is by means of the graphic representation k



as syntax diagrams, syntax charts, or sometimes "railroad diagrams". These have been us
define the syntax of Pascal, Modula-2 and Fortran 77. The rules take the form of flow diagr
possible paths representing the possible sequences of symbols. One starts at the left of a ¢
and traces a path which may incorporate terminals, or incorporate transfers to other diagral
word is reached that corresponds to a non-terminal. For example, an identifier might be del

Identifier
—+ Letter

Digit

with a similar diagram applying teetter , which we can safely assume readers to be intellige
enough to draw for themselves.

Exercises

5.22 Attempt to express some of the solutions to previous exercises in terms of syntax diac

5.11 Formal treatment of semantics

As yet we have made no serious attempt to describe the semantics of programs written in ¢
"languages”, and have just assumed that these would be self-evident to a reader who alreg
come to terms with at least one imperative language. In one sense this is satisfactory for ot
purposes, but in principle it is highly unsatisfactory not to have a simple, yet rigidly formal n
of specifying the semantics of a language. In this section we wish to touch very briefly on w
which this might be achieved.

We have already commented that the division between syntax and semantics is not always
clear-cut, something which may be exacerbated by the tendency to specify productions usi
with clearly semantic overtones, and whose sentential forms already reflect meanings to be
to operator precedence and so on. When specifying semantics a distinction is often attemp
between what is termestiatic semantics - features which, in effect, mean something that can |
checked at compile-time, such as the requirement that one may not branch into the middle
procedure, or that assignment may only be attempted if type checking has been satisfied -
dynamic semantics - features that really only have meaning at run-time, such as the effect o
branch statement on the flow of control, or the effect of an assignment statement on eleme
storage.

Historically, attempts formally to specify semantics did not meet with the same early succes
those which culminated in the development of BNF notation for specifying syntax, and we f
the semantics of many, if not most, common programming languages have been explained
of a natural language document, often regrettably imprecise, invariably loaded with jargon,
difficult to follow (even when one has learned the jargon). It will suffice to give two example



(a) In a draft description of Pascal, the syntax ofittib statement was defined by

<with-statement > = wi t h <record-variable-list > do <statement >
<record-variable-list > = <record-variable >{, <record-variable >}
<variable-identifier > = <field-identifier >

with the commentary that

"The occurrence of erecord-variable in the<record-variable-list is a defining occurrence of its
<field-identifier-s as<variable-identifiess for the<with-statement in which the<record-variable-
list> occurs."

The reader might be forgiven for finding this awkward, especially in the way it indicates tha
the<statement the<field-identifier>-s may be used as though they werariable-identifiess.

(b) In the same description we find thvile statement described by
<while-statement::= while <Boolean-expressiondo <statement
with the commentary that

"The <statement is repeatedly executed while thBoolean-expressiceryields the value TRUE.
its value is FALSE at the beginning, th&atement is not executed at all. Thavhile- statement

while b do body
is equivalent to
if bthen repeat body until not b."

If one is to be very critical, one might be forgiven for wondering what exactly is meant by
"beginning"” (does it mean the beginning of the program, or of execution of this one part of t
program). One might also conclude, especially from all the emphasis given to the effect wh
<Boolean-expressicfis initially FALSE, that in that case tk&vhile-statementis completely
equivalent to an empty statement. This is not necessarily true, for evaluation of the
<Boolean-expressicimight require calls to a function which has side-effects; nowhere (at le
the vicinity of this description) was this point mentioned.

The net effect of such imprecision and obfuscation is that users of a language often resort 1
simple test programs to help them understand language features, that is to say, they use tr
operation of the machine itself to explain the language. This is a technique which can be di
on at least two scores. In the first place, the test examples may be incomplete, or too speci
only a half-truth will be gleaned. Secondly, and perhaps more fundamentally, one is then cc
an abstract language with one concrete implementation of that language. Since implement:
may be error prone, incomplete, or, as often happens, may have extensions that do not fori
the standardized language at all, the possibilities for misconception are enormous.

However, one approach to formal specification, knowopasational semantics essentially
refines this ad-hoc arrangement. To avoid the problems mentioned above, the (written)
specification usually describes the action of a program construction in terms of the changes
of an abstract machine which is supposed to be executing the construction. This method w
specify the language PL/I, using the metalangiégk (Vienna Definition Language). Of cours



to understand such specifications, the reader has to understand the definition of the abstra
machine, and not only might this be confusingly theoretical, it might also be quite unlike the
machines which he or she has encountered. As in all semantic descriptions, one is simply ¢
the problem of "meaning” from one area to another. Another drawback of this approach is t
tends to obscure the semantics with a great detail of what is essentially useful knowledge fi
implementor of the language, but almost irrelevant for the user of the same.

Another approach makes useattribute grammars, in which the syntactic description (in term
of EBNF) is augmented by a set of distinct attribiggsach one associated with a single termi
or non-terminal) and a set of assertions or predicates involving these attributes, each asser
associated with a single production. We shall return to this approach in a later chapter, for i
the basis of practical applications of several compiler generators, among them Coco/R.

Other approaches taken to specifying semantics tend to rely rather more heavily on mather
logic and mathematical notation, and for this reason may be almost impossible to understal
programmer is one of the many thousands whose mathematical background is comparative
Denotational semantics, for example defines programs in terms of mappings into mathemati
operations and constructs: a program is simply a function that maps its input data to its out
and its individual component statements are functions that map an environment and store t
updated store. A variant of thigDM (Vienna Definition Method), has been used in formal
specifications of Ada, Algol-60, Pascal and Modula-2. These specifications are long and dif
follow (that for Modula-2 runs to some 700 pages).

Another mathematically based method, which was used by Hoare and Wirth (1973) to spec
semantics of most of Pascal, uses so-cabkomatic semantics, and it is worth a slight digressit
to examine the notation used. It is particularly apposite when taken in conjunction with the ¢
of program proving, but, as will become apparent, rather limited in the way in which it speci
what a program actually seems to be doing.

In the notationSis used to represent a statement or statement sequence, and leteI@ bkelR

are used to represeptedicates, that is, the logical values of Boolean variables or expression:
notation like

{P}S{Q}
denotes a so-callaedductive expression, and is intended to convey thabiis true before&Sis
executed, the@ will be true afteliSterminates (assuming that it does terminate, which may n
always happen).
P is often called therecondition andQ thepostcondition of S, Such inductive expressions ma
be concatenated with logical operations #k@nd) and- (not) and= (implies) to give expressiol
like

{P}S{Q}A{Q}S{R}
from which one can infer that

{P}S:S{R}

which is written more succinctly ag ale of inference



{P}S{Q}A{Q}S{R}

{P}S S{R}
Expressions like
P=Qand{Q} S{ R}
and
{P}S{Q}andQ=R
lead to theconsequencerules

P=Qand{Q} S{ R}

{P}S{R}
and

{P}S{Q}andQ=R

{P}S{R}

In these rules, the top line is called Hmtecedent and the bottom one is called ttansequent; so
far as program proving is concerned, to prove the truth of the consequent it is necessary or
prove the truth of the antecedent.

In terms of this notation one can write down rules for nearly all of Pascal remarkably tersely
example, thavhile statement can be described by

{PAB}S{P}

{P}whileBdoS{PA-B}
and thaf statements by

{PAB}S{Q}andPA-B=Q

{P}if Bthen S{ Q}

{PArB}S{Q}land{PAr-B}S,{Q}

{P}if Bthen S élseS,{ Q}

With a little reflection one can understand this notation quite easily, but it has its drawbacks
Firstly, the rules given are valid only if the evaluatioBqiroceeds without side-effects (compe
the discussion earlier). Secondly, there seems to be no explicit description of what the mac
implementing the program actually does to alter its state - the idea of "repetition” in the rule
while statement probably does not exactly strike the reader as obvious.



Further reading

In what follows we shall, perhaps cowardly, rely heavily on the reader’s intuitive grasp of
semantics. However, the keen reader might like to follow up the ideas germinated here. So
natural language descriptions go, a draft description of the Pascal Standard is to be found i
article by Addymaret al (1979). This was later modified to become the 1ISO Pascal Standard
known variously as ISO 7185 and BS 6192, published by the British Standards Institute, Lo
copy is given as an appendix to the book by Wilson and Addyman (1982)). A most readabls
to the Pascal Standard was later produced by Cooper (1983). Until a standardifoc@npleted
the most precise description of-Cis probably the "ARM" (Annotated Reference Manual) by E
and Stroustrup (1990), but-€has not yet stabilized fully (in fact the standard appeared shor
after this book was published). In his book, Brinch Hansen (1983) has a very interesting ch
the problems he encountered in trying to specify Edison completely and concisely.

The reader interested in the more mathematically based approach will find useful introducti
the very readable books by McGettrick (1980) and Watt (1991). Descriptions of VDM and
specifications of languages using it are to be found in the book by Bjorner and Jones (1982
Finally, the text by Pittman and Peters (1992) makes extensive use of attribute grammars.
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6 SIMPLE ASSEMBLERS

In this chapter we shall be concerned with the implementation of simple assembler languac
translator programs. We assume that the reader already has some experience in programn
assembler level; readers who do not will find excellent discussions of this topic in the books
Wakerly (1981) and MacCabe (1993). To distinguish between programs written in "assemb
code”, and the "assembler program" which translates these, we shall use the convention th
ASSEMBLER means the language and "assembler" means the translator.

The basic purpose of an assembler is to translate ASSEMBLER language mnemonics into
hexadecimal machine code. Some assemblers do little more than this, but most modern as
offer a variety of additional features, and the boundary between assemblers and compilers
become somewhat blurred.

6.1 A smple ASSEMBL ER language

Rather than use an assembler for a real machine, we shall implement one for a rudimentar
ASSEMBLER language for the hypothetical single-accumulator machine discussed in secti

An example of a program in our proposed language is given below, along with its equivaler
code. We have, as is conventional, used hexadecimal notation for the object code; numeric
in the source have been specified in decimal.

Assenbler 1.0 on 01/06/96 at 17:40: 45

00 BEG ; count the bits in a nunber
00 0A I'NI ; Read(A)

01 LOOP . REPEAT

01 16 SHR i A:=ADV2

02 3A 0D BCC EVEN ;. IFAMDZ2# 0 THEN
04 1E 13 STA TEMP ; TEMP : = A

06 19 14 LDA BI TS

08 05 I NC

09 1E 14 STA BI TS ; BITS:=BITS + 1
0B 19 13 LDA TEMP ; A = TEMP

oD 37 01 EVEN BNZ LOOP ; UNTIL A=0

OF 19 14 LDA BI TS ;

11 OE OTl ; Wite(BITS)

12 18 HLT ; termi nate execution
13 TEMP DS 1 ; VAR TEMP : BYTE

14 00 BI TS DC 0 ; BITS : BYTE

15 END

ASSEMBLER programs like this usually consist of a sequence of statements or instructions
written one to a line. These statements fall into two main classes.

Firstly, there are thexecutable instructions that correspond directly to executable code. Thes
be recognized immediately by the presence of a distineth@monic for anopcode. For our
machine these executable instructions divide further into two classes: there are those that 1
address or operand as part of the instruction (astia TEMP) and occupy two bytes of object co
and there are those that stand alone (IdeandHLT). When it is necessary to refer to such
statements elsewhere, they may be labelled with an introductory distittelédentifier of the
programmer’s choice (as BVEN BNz LOOP), and may include eomment, extending from an
introductory semicolon to the end of a line.



The address or operand for those instructions that requires them is denoted most simply by
numeric literal, or by an identifier of the programmer’s choice. Such identifiers usually corre
to the ones that are used to label statements - when an identifier is used to label a stateme
we speak of defining occurrence of a label; when an identifier appears as an address or opt
we speak of aapplied occurrence of a label.

The second class of statement includeglthectives. In source form these appear to be decept
similar to executable instructions - they are often introduced by a label, terminated with a c
and have what may appear to be mnemonic and address components. However, directives
rather different role to play. They do not generally correspond to operations that will form p:
the code that is to be executeduat-time, but rather denote actions that direct the action of the
assembler atompile-time - for example, indicating where in memory a block of code or data |
be located when the object code is later loaded, or indicating that a block of memory isto b
with literal values, or that a name is to be given to a literal to enhance readability.

For our ASSEMBLER we shall introduce the following directives and their associated
compile-time semantics, as a representative sample of those found in more sophisticated

Label Menonic Addr ess Ef f ect

not used BEG not used Mark the begi nning of the code
not used END not used Mark the end of the code

not used ORG | ocation Specify |l ocation where the follow ng code
is to be | oaded

optional DC val ue Define an (optionally |abelled) byte,
to have a specified initial value

optional DS I ength Reserve | ength bytes (optional |abel associated
with the first byte)

name EQU val ue Set name to be a synonym for the given val ue

Besides lines that contain a full statement, most assemblers usually permit incomplete line:
may be completely blank (so as to enhance readability), or may contain only a label, or ma:
only a comment, or may contain only a label and a comment.

Our first task might usefully be to try to find a grammar that describes this (and similar) prot
This can be done in several ways. Our informal description has already highlighted various
syntactic classes that will be useful in specifying the phrase structure of our programs, as v
various token classes that a scanner may need to recognize as part of the assembly proce:
possible grammar - which leaves the phrase structure very loosely defined - is given below
has been expressed in Cocol, the EBNF variant introduced in section 5.9.5.

COWPI LER ASM

CHARACTERS
eol = CHR(13) .
letter = " ABCDEFCHI JKLMNOPQRSTUVWKYZabcdef ghi j kl mopgr st uvwxyz" .
digit = "0123456789" .
printable = CHR(32) .. CHR(127) .

GNORE CHR(9) .. CHR(12)

TOKENS
nunber =digit { digit } .
identifier = letter { letter | digit } .
ECL = eol .
comment =";" { printable } .
PRODUCTI ONS
ASM ={ Statement } EOCF .
Statement = [ Label ] [ Menonic [ Address ] ] [ comment ] EOL .
Addr ess = Label | nunber .
Mhenoni ¢ = identifier .
Label = identifier .

END ASM



This grammar has the advantage of simplicity, but makes no proper distinction between dir
and executable statements, nor does it indicate which stateresnte labels or address fields.
is possible to draw these distinctions quite easily if we introduce a few more non-terminals
phrase structure grammar:

COWPI LER ASM

CHARACTERS
eol = CHR(13) .
letter = " ABCDEFCHI JKLMNOPQRSTUVWKYZabcdef ghi j kl mopqgr st uvwxyz" .
digit = "0123456789" .
printable = CHR(32) .. CHR(127) .
I GNORE CHR(9) .. CHR(12)
TOKENS
nunber =digit { digit } .
identifier = letter { letter | digit } .
ECL = eol .
comment =";" { printable } .
PRODUCTI ONS
ASM = St at ement Sequence "END' EOF .
St at enent Sequence = { Statement [ coment ] EOL } .
St at ement = Executable | Directive .
Execut abl e = [ Label ] [ OneByteOp | TwoByteOp Address ] .
OneByt eOp = "HLT" | "PSH' | "POP" (* | . . . . etc *) .
TwoByt eOp = "LDA" | "LDX" | "LDI" (* ]| . . . . etc *) .
Addr ess = Label | nunber .
Directive = Label "EQJ' KnownAddress
| [ Label ] ( "DC'" Address | "DS" KnownAddress )
| "ORG' KnownAddress | "BEG' .
Label identifier .

KnownAddr ess Address .

END ASM

When it comes to developing a practical assembler, the first of these grammars appears to
advantage of simplicity so far as syntax analysis is concerned - but this simplicity comes at
in that the static semantic constrainer would have to expend effort in distinguishing the vari
statement forms from one another. An assembler based on the second grammar would not
much to the semantic constrainer, but would apparently require a more complex parser. In
sections, using the simpler description as the basis of a parser, we shall see how both it an
constrainer are capable of development imGhoc way.

Neither of the above syntactic descriptions illustrates some of the pragmatic features that n
a programmer using the ASSEMBLER language. Typical of these are restrictions or relaxa
case-sensitivity of identifiers, or constraints that labels may have to appear immediately at f
of a line, or that identifiers may not have more than a limited number of significant characte
unfortunately, can the syntactic description enforce some essential static semantic constrai
as the requirement that each alphanumeric symbol used as an address should also occur t
a label field of an instruction, or that the values of the address fields that appear with directi
DS andorG must have been defined before the corresponding directives are first encountere
description mayppear to enforce these so-calledntext-sensitive features of the language,
because the non-terminals have been given suggestive namewlikeddr ess, but it turns out
that a simple parser will not be able to enforce them on its own.

As it happens, neither of these grammars yet provides an adequate description for a compi
generator like Coco/R, for reasons that will become apparent after studying Chapter 9. The
modifications needed for driving Coco/R may be left as an interesting exercise when the re
had more experience in parsing techniques.




6.2 One- and two-pass assemblers, and symbol tables

Readers who care to try the assembly translation process for themselves will realize that th
easily be done on a single pass through the ASSEMBLER source code. In the example giv
earlier, the instruction

BCC EVEN

cannot be translated completely until one knows the addresggfwhich is only revealed wher
the statement

EVEN BNz LOOP

is encountered. In general the process of assembly is always non-trivial, the complication a
even with programs as simple as this one - from the inevitable presdoceafd refer ences.

An assembler may solve these problems by performing two distinct passes over the user p
The primary aim of the first pass ofwo-pass assembler is to draw up aymbol table. Once the
first pass has been completed, all necessary information on each user defined identifier shq
been recorded in this table. A second pass over the program then allows full assembly to te
quite easily, referring to the symbol table whenever it is necessary to determine an address
named label, or the value of a named constant.

The first pass can perform other manipulations as well, such as some error checking. The ¢
pass depends on being able to rescan the program, and so the first pass usually makes a ¢
on some backing store, usually in a slightly altered form from the original.

The behaviour of a two-pass assembler is summarized in Figure 6.1.

Sumbol Table

Source Code —+ Pass 1 + Pass 2 —— Object Code

Il

Figure 6.1 Flow of information through a two-—pass assembler

+ Listing

The other method of assembly is viaree-pass assembler. Here the source is scanned but onci
and the construction of the symbol table is rather more complicated, since outstanding refe
must be recorded for latéixup or backpatching once the appropriate addresses or values are
revealed. In a sense, a two-pass assembler may be thought of as making two passes over
program, while a one-pass assembler makes a single pass over the source program, follow
later partial pass over the object program.

As will become clear, construction of a sophisticated assembler, using either approach, cal
fair amount of ingenuity. In what follows we shall illustrate several principles rather simply
naively, and leave the refinements to the interested reader in the form of exercises.

Assemblers all make considerable use of tables. There are always (conceptually at least) t
these:

® TheOpcode Trandation Table. In this will be found matching pairs of mnemonics and th
numerical equivalents. This table is of fixed length in simple assemblers.



® The Symbol Table. In this will be entered the user defined identifiers, and their correspo
addresses or values. This table varies in length with the program being assembled.

Two other commonly found tables are:

® TheDirective Table. In this will be found mnemonics for the directives or pseudo-opera
The table is of fixed length, and is usually incorporated into the opcode translation tab
simple assemblers.

® TheSring Table. As a space saving measure, the various user-defined names are ofte
gathered into one closely packed table - effectively being stored in one long string, wit
distinctive separator such asla character between each sub-string. Each identifier in t
symbol table is then cross-linked to this table. For example, for the program given ear
might have a symbol table and string table as shown in Figure 6.2.

Hame Address or Ualue String table position
BITS 14 [hex) 28 [decimal) 5]
TEHMF 12 [hex) 19 [decimal) 5
EVEH 80 Chex) 13 (decimal) 18
LOar A1 [(her)l 1 (decimall 15

[Blrfr]s|afr]e[nfrfafeJufefn]afrfofor]a]
B 1 2 3 4 B & 7 8 @ 18 11 12 13 14 15 1& 17 18 19

Figure 6.2 Swmbol table and string table for a simple assembler program

More sophisticated macro-assemblers need several other tables, so as to be able to handle
user-defined opcodes, their parameters, and the source text which constitutes the definitior
macro. We return to a consideration of this point in the next chapter.

The first pass, as has been stated, has as its primary aim the creation of a symbol table. Tt
entries in this are easily made as the label fields of the source are read. In order to be able
complete the "address" entries, the first pass has to keep track, as it scans the source, of tt
so-calledocation counter - that is, the address at which each code and data value will later |
located (when the code generation takes place). Such addresses are controlled by the of®
andbs (which affect the location counter explicitly), as well as by the directiyand, of course,
by the opcodes which will later result in the creation of one or two machine words. The dire
EQUis a special case; it simply gives a naming facility.

Besides constructing the symbol table, this pass must supervise source handling, and lexic
syntactic and semantic analysis. In essence it might be described by something on the line
following, where, we hasten to add, considerable liberties have been taken with the pseudc
used to express the algorithm.

Initialize tables, and set Assenbling := TRUE;, Location := 0;
WH LE Assenbl i ng DO
Read |ine of source and unpack into constituent fields
Label , Menonic, AddressField (* which could be a Nane or Nunber *)
Use Mienpnic to identify Opcode from QpTabl e
Copy |line of source to work file for later use by pass two
CASE Menonic OF
"BEG' : Location :=0
"ORG' : Location := AddressFi el d. Nunber
"DS " : IF Line.Labell ed THEN Synbol Tabl e. Ent er (Label , Locati on)
Location := Location + AddressFi el d. Nunber
"EQU' : Synbol Tabl e. Ent er (Label , AddressFi el d. Nunber)
"END' : Assenbling := FALSE
all others (* including DC *):
I F Li ne. Label  ed THEN Synbol Tabl e. Ent er (Label , Locati on)
Location := Location + nunber of bytes to be generated
END



END

The second pass is responsible mainly for code generation, and may have to repeat some
source handling and syntactic analysis.

Rewi nd work file, and set Assenbling := TRUE
WH LE Assenbl i ng DO
Read a line fromwork file and unpack Menonic, Opcode, AddressField
CASE Mhenoni ¢ OF
"BEG' : Location :
"ORG' : Location := AddressFi el d. Nunber
"DS " : Location := Location + AddressFi el d. Nunber
"EQU' : no action (* EQU dealt with on pass one *)
"END' : Assenbling := FALSE

0

DC " : MeniLocation] := ValueO (AddressField); |NC(Location)
all others:
Meni Location] := Opcode; |NC(Location)
| F two-byte Opcode THEN
Meni Location] := Val ueOf (AddressFi el d); |NC(Location)

END

END

Produce source listing of this line

END

6.3 Towardsthe construction of an assembler

The ideas behind assembly may be made clearer by slowly refining a simple assembler for
language given earlier, allowing only for the creation of fixed address, as opposed to reloce
code. We shall assume that the assembler and the assembled code can co-reside in memc
confined to write a cross-assembler, not only because no such real machine exists, but als
the machine is far too rudimentary to support a resident assembler - let alone a+ange C
Modula-2 compiler.

In C++ we can define a general interface to the assembler by introducing a class with a pub
interface on the lines of the following:

class AS {
publi c:
voi d assenbl e(bool &errors);
/1 Assenbles and |ists program
/] Assenbled code is dunped to file for later interpretation, and |eft
/'l in pseudo-nmachine nmenory for inmediate interpretation if desired.
/1 Returns errors = true if assenbly fails

AS(char *sourcenane, char *listnane, char *version, MC*M;

/Il Instantiates version of the assenbler to process sourcenane, creating

. /1 listings in listname, and generating code for associated nachi ne M

This public interface allows for the development of a variety of assemblers (simple, sophisti
single-pass or multi-pass). Of course there are private members too, and these will vary so
depending on the techniques used to build the assembler. The constructor for the class cre
to an instance of a machine class we are aiming at the construction of an assembler for ou
hypothetical single-accumulator machine that will leave assembled code in the pseudo-max
memory, where it can be interpreted as we have already discussed in Chapter 4. The main
for our system will essentially be developed on the lines of the following code:

void main(int argc, char *argv[])
{ bool errors;
char SourceNane[ 256], Li st Nane[ 256];

/1 handl e comand |ine paraneters
strcpy(SourceNane, argv[1]);

if (argc > 2) strcpy(ListNanme, argv[2]);

el se appendext ensi on( SourceNane, ".Ist", ListNange);



/] instantiate assenbl er conponents
MC *Machi ne new MZ();
AS *Assenbl er new AS(Sour ceName, ListNane, "Assenbler version 1", Machine);

/] start assenbly
Assenbl er - >assenbl e(errors);

/] exami ne outcone and interpret if possible
if (errors) { printf("\nAssenbly failed\n"); }
else { printf("\nAssenbly successful\n"); Machine->interpret(); }
del et e Machi ne;
del ete Assenbl er;
}

This driver routine has made provision for extracting the file names for the source and listin
from command line parameters set up when the assembler program is invoked.

In using a language like+& or Modula-2 to implement the assembler (or rather assemblers, :
we shall develop both one-pass and two-pass versions of the assembler class), it is conver
create classes or modules to be responsible for each of the main phases of the assembly
keeping with our earlier discussion we shall develop a source handler, scanner, and simple
In a two-pass assembler the parser is called from a first pass that follows parsing with static
semantic analysis; control then passes to the second pass that completes code generation
one-pass assembler the parser is called in combination with semantic analysis and code g¢

On the source diskette that accompanies this book can be found a great deal of code illustr
development, and the reader is urged to study this as he or she reads the text, since there
much code to justify printing it all in this chapter. Appendix D contains a complete listing of
source code for the assembler as finally developed by the end of the next chapter.

6.3.1 Sour ce handling

In terms of the overall translator structure illustrated in Figure 2.4, the first phase of an asse
will embrace the source character handler, which scans the source text, and analyses it int
from which the scanner will be then able to extract tokens or symbols. The public interface
class for handling this phase might be:

class SH {
publi c:
FILE *Ist; // listing file
char ch; /'l | atest character read

voi d nextch(void);
/! Returns ch as the next character on current source line, reading a new
/1 line where necessary. ch is returned as NUL if src is exhausted

bool endline(void);
/1 Returns true when end of current |ine has been reached

bool startline(void);
/!l Returns true if current chis the first on a line

void witehex(int i, int n);
/1 Wites (byte valued) i to Ist file as hex pair, left-justified in n spaces

void witetext(char *s, int n);
/Il Wites s to Ist file, left-justified in n spaces

SH() ;
/1 Default constructor

SH(char *sourcenane, char *listnanme, char *version);
/1 Opens src and |Ist files using given nanes
/1 Initializes source handler, and displays version infornation on Ist file

~SH() ;
/1 doses src and Ist files



Some aspects of this interface deserve further comment:

® [t is probably bad practice to declare variables dikes public, as this leaves them open 1
external abuse. However, we have compromised here in the interests of efficiency.

® Client routines (like those which cakxt ch) should not have to worry about anything otf
than the values provided by, st art1ine() andend! i ne(). The main client routine is, of
course, the lexical analyser.

® Little provision has been made here for producing a source listing, other than to expor
on which the listing might be made, and the mechanism for writing some version infor
and hexadecimal values to this file. A source line might be listed immediately it is reac
the case of a two-pass assembler the listing is usually delayed until the second pass,
can be made more complete and useful to the user. Furthermore, a free-format input «
converted to a fixed-format output, which will probably look considerably better.

The implementation of this class is straightforward and can be studied in Appendix D. As w
interface, some aspects of the implementation call for comment:

® next ch has to provide for situations in which it might be called after the input file has b
exhausted. This situation should only arise with erroneous source programs, of courst

® Internally the module stores the source on a line-buffered basis, and adds a blank che
the end of eachi ne (or aNUL character in the case where the source has ended). This
useful for ensuring that a symbol that extends to the end of a line can easily be recog!

Exercises

6.1 A source handler implemented in this way will be found to be very slow on many systen
where each call to a routine to read a single character may involve a call to an underlying o
system. Experiment with the idea that the source handler first reads the entire source into ¢
memory buffer in one fell swoop, and then returns characters by extracting them from this k
Since memory (even on microcomputers) now tends to be measured in megabytes, while s
programs are rather small, this idea is usually quite feasible. Furthermore, this suggestion
overcomes the problem of using a line buffer of restricted size, as is used in our simple
implementation.

6.3.2 Lexical analysis

The next phase to be tackled is that of lexical analysis. For our simple ASSEMBLER langu:
recognize immediately that source characters can only be assembled into numbers, alphar
names (as for labels or opcodes) or comment strings. Accordingly we adopt the following p
interface to our scanner class:

enum LA _syntypes {
LA unknown, LA eofsym LA eolsym LA idsym LA numsym LA conmsym
H

struct LA synbols {
bool i sl abel;
LA synmtypes sym

~—

/ if in first colum
| class



ASM strings str; /1 | exene
int num /1 value if nuneric

H

class LA {
public:
voi d getsyn(LA synbols &SYM bool &errors);
/1l Returns the next synmbol on current source line.
/1 Sets errors if necessary and returns SYM sym = unknown if no
/1 valid synmbol can be recognized

LA(SH *S);
/'l Associates scanner with its source handler S

H
where we draw the reader’s attention to the following points:

® ThelA synbol s structure allows the client to recognize that the first symbol found on ¢
has defined a label if it began in the very first column of the line - a rather messy featt
our ASSEMBLER language.

® In ASSEMBLER programs, the ends of lines become significant (which is not the case
languages like &+, Pascal or Modula-2), so that it is useful to introdugesol symas a
possible symbol type.

® Similarly, we must make provision for not being able to recognize a symbol (by returni
LA_unknown), or not finding a symboL@ eof sym).

Developing theyet symroutine for the recognition of these symbols is quite easy. It is govern
essentially by the lexical grammar (defined inTheENS section of our Cocol specification give
earlier), and is sensibly driven by t ch or CASE statement that depends on the first characte
the token. The essence of this - again taking considerable liberties with syntax - may be ex

BEG N
skip | eadi ng spaces, or to end of line
recogni ze end-of-line and start-of-line conditions, else
CASE CH OF
letters: SYM Sym:
digits : SYM Sym:
Y : SYM Sym :
ELSE : SYM Sym :
END
END

LA idsym unpack word;
LA nunmsym unpack nunber;
LA consym unpack conment;
LA _unknown

A detailed implementation may be found on the source diskette. It is worth pointing out the
following:

o All fields (attributes) oisymare well defined after a call @t sym even those of no
immediate interest.

® \While determining the value &fvM numwe also copy the digits in&¥M nane for the
purposes of later listing. At this stage we have assumed that overflow will not occur in
computation o6YM num

® |dentifiers and comments that are too long are ruthlessly truncated.

® |dentifiers are converted to upper case for consistency. Comments are preserved unc




Exercises

6.2 First extend the lexical grammar, and then extend the lexical analyser to allow hexadec
constants as alternatives in addresses, for example

LAB LD $0A . 0A(hex) = 10(deci mal)

6.3 Another convention is to allow hexadecimal constants like OFFh or OFFH, with the trailir
implying hexadecimal. A hex number must, however, start with a digit in the range '0" .. '9’,
it can be distinguished from an identifier. Extend the lexical grammar, and then implement 1
option. Why is it harder to handle than the convention suggested in Exercise 6.27?

6.4 Extend the grammar and the analyser to allow a single character as an operand or add
example

LAB Lo A ; load immediate ' A" (ASCI |1 041H)

The character must, of course, be converted into the corresponding ordinal value by the as
How can one allow the quote character itself to be used as an address?

6.5 If the entire source of the program were to be read into memory as suggested in Exerci
would no longer be necessary to copyrthee field for each symbol. Instead, one could use tw
numeric fields to record the starting position and the length of each name. Modify the lexice
analyser to use such a technique. Clearly this will impact the detailed implementation of so
phases of assembly as well - see Exercise 6.8.

6.6 As an alternative to storing the entire source program in memory, explore the possibility
constructing a string table on the lines of that discussed in section 6.2.

6.3.3 Syntax analysis

Our suggested method of syntax analysis requires that each free format source line be dec
in a consistent way. A suitable public interface for a simple class that handles this phase is
below:

enum SA _addresski nds { SA absent, SA numeric, SA al phaneric };

struct SA addresses {
SA _addr esski nds ki nd;
int nunber; /1 value if known
ASM al fa nane; [/ character representation

struct SA unpackedlines {

/'l source text, unpacked into fields
bool |abelled, errors;

ASM al fa | abfield, menonic;

SA _addr esses address;

ASM strings conment;

b

class SA {
public:
voi d parse(SA unpackedl i nes &srcline);
/'l Anal yses the next source line into constituent fields

SA(LA * L);
/1 Associates syntax analyser with its lexical analyser L

H
and, as before, some aspects of this deserve further comment:



® TheSA addresses structure has been introduced to allow for later extensibility.

® TheSA unpackedl! i nes structure makes provision for recording whether a source line t
been labelled. It also makes provision for recording that the line is erroneous. Some e
might be detected when the syntax analysis is performed; others might only be detect
the constraint analysis or code generation are attempted.

® Not only does syntax analysis in the first pass of a two-pass assembler require that w:
a source line into its constituent fields, usingdbesymroutine, the first pass also has to |
able to write the source line information to a work file for later use by the second pass
convenient to do thiafter unpacking, to save the necessity of re-parsing the source on
second pass.

The routine for unpacking a source line is relatively straightforward, but has to allow for var
combinations of present or absent fields. The syntax analyser can be programmed by follo\
EBNF productions given in Cocol under #RODUCTI ONS section of the simpler grammar in
section 6.1, and the implementation on the source diskette is worthy of close study, bearing
the following points:

® The analysis is vergd hoc. This is partly because it has to take into account the possibi
errors in the source. Later in the text we shall look at syntax analysis from a rather mc
systematic perspective, but it is usually true that syntax analysers incorporate various
devices for side-stepping errors.

® Every field is well defined when analysis is complete - default values are inserted whe
are not physically present in the source.

® Should the source text become exhausted, the syntax analyser performs “error correc
effectively by creating a line consisting only of eND directive.

® When an unrecognizable symbol is detected by the scanner, the syntax analyser reac
recording that the line is in error, and then copies the rest of the linedanthent field. In
this way it is still possible to list the offending line in some form at a later stage.

® The simple routine foget addr ess will later be modified to allow expressions as address

Exercises

6.7 At present mnemonics and user defined identifiers are both handled in the same way. F
stronger distinction should be drawn between the two. Then again, perhaps one should allc
mnemonics to appear in address fields, so that an instruction like

LAB LDl LDI v A= 27

would become legal. What modifications to the underlying grammar and to the syntax analy
would be needed to implement any ideas you may have on these issues?

6.8 How would the syntax analyser have to be modified if we were to adopt the suggestion
the source code be retained in memory during the assembly process? Would it be necessa
unpack each line at all?



6.3.4 The symbol tableinterface

We define a clean public interface to a symbol table handler, thus allowing us to implement
strategies for symbol table construction without disturbing the rest of the system. The interf
chosen is

typedef void (*ST_patch)(MC bytes nen{], MC bytes b, MC bytes v);

class ST {
publi c:
voi d printsynbol tabl e(bool &errors);
/1 Summarizes synbol table at end of assenbly, and alters errors
/1 to true if any synbols have renai ned undefi ned

voi d enter(char *nane, MC bytes val ue);
/1 Adds name to table with known val ue

voi d val ueof synbol (char *nane, MC bytes location, MC bytes &val ue,
bool &undefi ned);

/'l Returns value of required name, and sets undefined if not found.

/1 location is the current value of the instruction |ocation counter

voi d out standi ngreferences(MC_bytes nmen{], ST_patch fix);
/1 Wal ks synbol table, applying fix to outstanding references in nem

ST(SH *S);
/] Associates table handler with source handler S (for |istings)

6.4 Two-pass assembly

For the moment we shall focus attention on a two-pass assembler, and refine the code fron
simple algorithms given earlier. The first pass is mainly concerned with static semantics, ar
constructing a symbol table. To be able to do this, it needs to keep track of a location count
which is updated as opcodes are recognized, and which may be explicitly altered by the dir
ORG, DS andDC.

6.4.1 Symbol table structures

A simple implementation of the symbol table handler outlined in the last section, suited to t
assembly, is to be found on the source diskette. It uses a dynamically allocated stack, in a
should readily be familiar to students of elementary data structures. More sophisticated tab
handlers usually employ a so-calleabkh table, and are the subject of later discussion. The ree
should note the following:

® For a two-pass assembler, labels are entered into the table (by making eailsrgronly
when theirdefining occurrences are encountered during the first pass.

® On the second pass, calls/to ueof synbol will be made wheiapplied occurrences of labels
are encountered.

® For a two-pass assembler, function tgpepat ch and functiorout st andi ngr ef er ences are
irrelevant - as, indeed, is thecat i on parameter toal ueof synbol .

® The symbol table entries are very simple structures defined by

struct ST _entries {
ASM al f a nane; /1 name



MC_ byt es val ue; /1 val ue once defined
bool defi ned; /1 true after defining occurrence encountered
ST entries *slink; // to next entry

}i
6.4.2 Thefirst pass - static semantic analysis

Even though no code is generated until the second pass, the location counter (marking the
of each byte of code that is to be generated) must be tracked on both passes. To this end i
convenient to introduce the concept aode line - a partial translation of eashurceline. The
fields in this structure keep track of the location counter, opcode value, and address value |
two-byte instructions), and are easily assigned values after extending the analysis already
performed by the syntax analyser. These extensions effectively constitute static semantic a
For each unpacked source line the analysis is required to examimethei c field and - if
present - to attempt to convert this to an opcode, or to a directive, as appropriaieoibesalue
is then used as the despatcher in a switching construct that keeps track of the location coui
creates appropriate entries in the symbol table whenever defining occurrences of labels are

The actual code for the first pass can be found on the source diskette, and essentially folloy
basic algorithm outlined in section 6.2. The following points are worth noting:

® Conversion frommenoni ¢ to opcode requires the use of some form of opcode table. In-
implementation we have chosen to construct a table that incorporates both the machil
opcodes and the directive pseudo-opcodes in one simple sorted list, allowing a simple
search to locate a possible opcode entry quickly.

An alternative strategy might be to incorporate the opcode table into the scanner, and
handle the conversion as part of the syntax analysis, but we have chosen to leave tha
subject of an exercise.

® The attempt to convert a mnemonic may fail in two situations. In the case of a line witl
blank opcode field we may sensibly return a fictitious legal empty opcode. However, v
opcode is present, but cannot be recognized (and must thus be assumed to be in errc
return a fictitious illegal opcode r .

® The system makes use of an intermediate work file for communicating between the tw
passes. This file can be discarded after assembly has been completed, and so can, ir
remain hidden from the user.

® The arithmetic on the location countercat i on must be donenodulo 256 because of the
limitations of the target machine.

® Our assembler effectively requires that all identifiers used as labels must be "declarec
context this means that all the identifiers in the symbol table must have appeared in tr
field of some source line, and should all have been entered into the symbol table by tf
the first pass. When appropriate, we determine the value of an address, either directly
the symbol table, by calling the table handler routiiaieof synbol , which returns a
parameter indicating the success of the search. It might be thought that failure is rulec
and that calls to this routine are made only in the second pass. However, source lines
the directive€Qu, DS andorRG may have address fields specified in terms of labels, anc
even on the first pass the assembler may have to refer to the values of these labels. C
chaos will arise if the labels used in the address fields for these directives are not dec
before use, and the assembler must be prepared to flag violations of this principle as



6.4.3 The second pass - code gener ation

The second pass rescans the program by extracting partially assembled lines from the inte
file, and then passing each of these to the code generator. The code generator has to keef
further errors that might arise if any labels were not properly defined on the first pass. Beca
the work already done in the first pass, handling the directives is now almost trivial in this p.

Once again, complete code for a simple implementation is to be found on the source diskelt
should be necessary only to draw attention to the following points:

® For our simple machine, all the generated objected code can be contained in an array
256. A more realistic assembler might not be able to contain the entire object code in
memory, because of lack of space. For a two-pass assembler few problems would ari
code could be written out to a file as soon as it was generated.

® Exactly how the object code is finally to be treated is a matter for debate. Here we hay
on thel i st code routine from the class defining the pseudo-machine, which dumps the
bytes in a form that is suitable for input to a simple loader. However, the driver progra
suggested earlier also allows this code to be interpreted immediately after assembly
successful.

® An assembler program typically gives the user a listing of the source code, usually wit
assembled code alongside it. Occasionally extra frills are provided, like cross referenc
for identifiers and so on. Our one is quite simple, and an example of a source listing p
by this assembler was given earlier.

Exercises

6.9 Make an extension to the ASSEMBLER language, to its grammar, and to the assemble
program, to allow a character string as an operand ipdthi@ective. For example

TYRANT DC " TERRY"
should be treated as equivalent to

TYRANT DC
oC
oC
oC
oC

<AQxm-

Is it desirable or necessary to delimit strings with different quotes from those used by single
characters?

6.10 Change the table handler so that the symbol table is stored in a binary search tree, fol
efficiency.

6.11 The assembler will accept a line consisting only of a non-ampgy. field. Is there any
advantage in being able to do this?

6.12 What would happen if a label were todefned more than once?



6.13 What would happen if a label were left undefined by the end of the first pass?

6.14 How would the symbol table handling alter if the source code were all held in memory
throughout assembly (see Exercise 6.1), or if a string table were used (see Exercise 6.6)?

6.5 One-pass assembly

As we have already mentioned, the main reason for having the second pass is to handle th
of forward references - that is, the use of labels before their locations or values have been dt
Most of the work of lexical analysis and assembly can be accomplished directly on the first
can be seen from a close study of the algorithms given earlier and the complete code used
implementation.

6.5.1 Symbol table structures

Although a one-pass assembler not always be able to determine the value of an address fit
immediately it is encountered, it is relatively easy to cope with the problem of forward refere
We create an additional fietd i nk in the symbol table entries, which then take the form

struct ST entries {
ASM al fa nane
MC_bytes val ue

bool defined

ST entries *slink

ST forwardrefs *flink;

b

Thef | nk field points to entries in forward reference table, which is maintained as a set of
linked lists, with nodes defined by

nanme
val ue once defined

true after defining occurrence encountered
to next entry

to forward references

~————
~————

struct ST forwardrefs { /1 forward references for undefined |abels
MC_bytes byte; /1 to be patched
ST forwardrefs *nlink; // to next reference

}i
Thebyt e fields of theST_f or war dr ef s nodes record the addresses of as yet incompletely de
object code bytes.

6.5.2 Thefirst pass - analysis and code generation

When reference is made to a label in the address field of an instructieal tleef synbol routine
searches the symbol table for the appropriate entry, as before. Several possibilities arise:

o [f the label has already been defined, it will already be in the symbol table, marked as
defined = true, and the corresponding address or value can immediately be obtaine:
theval ue field.

® [f the label is not yet in the symbol table, an entry is made in this table, markefd asd =
fal se. Theflink field is then initialized to point to a newly created entry in the forward
reference table, in thegt e field of which is recorded the address of the object byte who
value has still to be determined.

® [f the label is already in the symbol table, but still flaggede@sned = fal se, then a
further entry is made in the forward reference table, linked to the earlier entries for this



This may be made clearer by considering the same program as before (shown fully asseml
convenience).

00 BEG ; count the bits in a nunber
00 0A I'NI ; Read(A)

01 LOOP . REPEAT

01 16 SHR ;. A:=ADV2

02 3A 0D BCC EVEN ;. IFAMDZ2# 0 THEN
04 1E 13 STA TEMP ; TEMP : = A

06 19 14 LDA BI TS

08 05 I NC

09 1E 14 STA BI TS ; BITS:=BITS + 1
0B 19 13 LDA TEMP ; A = TEMP

oD 37 01 EVEN BNZ LOOP ; UNTIL A=0

OF 19 14 LDA BI TS ;

11 OE OTl ; Wite(BITS)

12 18 HLT ; term nate execution
13 TEMP DS 1 ;. VAR TEMP : BYTE

14 00 BI TS DC 0 ; BITS : BYTE

15 END

When the instruction at 02B{C EVEN) is encounteredVEN is entered in the symbol table,
undefined, linked to an entry in the forward reference table, which refers to 03h. Assembly
next instruction enterseMP in the symbol table, undefined, linked to a new entry in the forwair
reference table, which refers to 05h. The next instruction Bdusto the symbol table, and whe
the instruction at 09rsfA BI TS) is encountered, another entry is made to the forward referer
table, which refers to OAh, itself linked to the entry which refers to 07h. This continues in ths
vein, until by the time the instruction at ODFVEN BNz LOOP) is encountered, the tables are as
shown in Figure 6.3.

SYMEOL TRELE FORWARD REFERENCE TAELE
BITS Undefined 7 B3h —+——|
TEMF Undefined 7 —| B5h —+—|
EVEN Undefined 7 @7h —1"
LOOF Defined 81 I—» Ak E‘J

BCh

Figure 6.3 Symbol table and forward references part way through assembly

In passing, we might comment that in a real system this strategy might lead to extremely la
structures. These can, fairly obviously, be kept smaller if the bytes labelled bxydahdbs
instructions are all placed before the "code" which manipulates them, and some assembler
even insist that this be done.

Since we shall also have to examine the symbol table whenever a label is defined by virtue
appearance in the label field of an instruction or directive, it turns out to be convenient to in
a private routingi ndent ry, internal to the table handler, to perform the symbol table searchi

void findentry(ST _entries *&ynentry, char *nane, bool &found);

This involves a simple algorithm to scan through the symbol table, being prepared for eithe
or not finding an entry. In fact, we go further and code the routine so #hatyis finds an
appropriate entry, if necessary creating a new node for the purposet iTriugsit ry is a routine
with side-effects, and so might be frowned upon by the purists. The parameigrecords
whether the entry refers to a previously created node or not.

The code foent er also changes somewhat. As already mentioned, when a non-btamkfield



is encountered, the symbol table is searched. Two possibilities arise:

® [f thel abel was not previously there, the new entry is completed, flaggest ased =
true, and itsval ue field is set to the now known value.

® |[f it was previously there, but flaggedf i ned = fal se, the extant symbol table entry is
updated, withlef i ned set tot r ue, and itsval ue field set to the now known value.

At the end of assembly the symbol table will, in most situations, contain entries in the forwa
reference lists. Our table handler exporte@rst andi ngr ef er ences routine to allow the
assembler to walk through these lists. Rather than have the symbol table handler interact d
with the code generation process, this pass is accomplished by applying a procedural para
each node of the forward reference lists is visited. In effect, rather than making a second p:
the source of the program, a partial second pass is made over the object code.

This may be made clearer by considering the same program fragment as before. When the
definition ofBI TS is finally encountered at 14h, the symbol table and forward reference table
effectively have become as shown in Figure 6.4.

SYMBEOL THELE FORWARD REFEREMCE TRELE
BITS Defined 14h —m——+ 18h ——— BRh —— &@vh —|
TEMP  Defined 13h ———+  B@BCh —+— BEh ——|
EVEH Defined @0h ————  @Zh ——|
LOOP  Defined  @1h + 1l

Figure &.4 Swmbol table and forward references at the end of assembly

Exercises

6.15 What modifications (if any) are needed to incorporate the extensions suggested as ex
the end of the last section into the simple one-pass assembler?

6.16 We mentioned in section 6.4.3 that there was no great difficulty in assembling large pr
with a two-pass assembler. How does one handle programs too large to co-reside with a oi
assembler?

6.17 What currently happens in our one-pass assembler if a label is redefined? Should one
allowed to do this (that is, is there any advantage to be gained from being allowed to do so
not, what should be done to prevent it?

6.18 Constructing the forward reference table as a dynamic linked structure may be a little -
than it needs to be. Explore the possibility of holding the forward reference chains within thi
being assembled. For example, if we allow the symbol table entries to be defined as follows

struct ST entries {
ASM al f a nane
MC byt es val ue
bool defined
ST entries *slink
MC_bytes flink;

b

we can arrange that the latest forward reference "points" to a byte in memory in which will

nanme
val ue once defined

true after defining occurrence encountered
to next entry

to forward references

~————
~————



stored the label'sal ue once this is known. In the interim, this byte contains a pointer to an e
byte in memory where the sama ue has ultimately to be recorded. For the same program

fragment as was used in earlier illustrations, the code would be stored as follows, immediat
before the finakND directive is encountered. Within this code the reader should note the cha
values 0OAh, 07h, 00h (the last of which marks the end of the list) giving the list of bytes whe
value ofBl TS is yet to be stored.

00
00
01
01
02
04
06
08
09
0B
(0] D]
OF
11
12
13
14
15

0A

16
3A
1E
19
05
1E
19
37
19
OE
18

00

00
00
00

07
05
01
0A

LOooP

EVEN

TEMP
BI TS

BEG
I'NI

SHR
BCC
STA
LDA
I NC
STA
LDA
BNZ
LDA
arl

HLT
DS

DC

END

EVEN
TEMP
BI TS

BI TS
TEMP
LOOP
BI TS

; count the b

read(A)
REPEAT

A:=ADYV
2

IF A MOD

its in a nunber

2
# 0 THEN

TEMP : = A

BITS : =

BITS + 1

A = TEMP

UNTIL A=0

! Wite(BITS)
; term nate execution
;. VAR TEMP :

BITS :

BYTE
BYTE

By the end of assembly the forward reference table effectively becomes as shown below. T
outstanding references may be fixed up in much the same way as before, of course.

Name

BI TS
TEMP
EVEN
LOOP

Def i ned

true
true
true
true

Val ue

14h
13h
0Dh
01h

FLi nk

0Ah
0Ch
00h
00h
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7/ ADVANCED ASSEMBLER FEATURES

It cannot be claimed that the assemblers of the last chapter are anything other than toys - t
now the reader will be familiar with the drawbacks of academic courses. In this chapter we
some extensions to the ideas put forward previously, and then leave the reader with a num
suggestions for exercises that will help turn the assembler into something more closely res
the real thing.

Complete source code for the assembler discussed in this chapter can be found in Append
source code and equivalent implementations in Modula-2 and Pascal are also to be found «
accompanying source diskette.

7.1 Error detection

Our simple assemblers are deficient in a very important area - little attempt is made to repo
in the source code in a helpful manner. As has often been remarked, it is very easy to write
translator if one can assume that it will only be given correctly formed programs. And, as th
will soon come to appreciate, error handling adds considerably to the complexity of any trai
process.

Errors can be classified on the basis of the stage at which they can be detected. Among otl
important potential errors are as follows:

Errorsthat can be detected by the source handler

® Premature end of source file - this might be a rather fatal error, or its detection might k
to supply an effectivenD line, as is done by some assemblers, including our own.

Errorsthat can be detected by the lexical analyser

® Use of totally unrecognizable characters.

® Use of symbols whose names are too long.

® Comment fields that are too wide.

® Overflow in forming numeric constants.

® Use of non-digit characters in numeric literals.

® Use of symbols in the label field that do not start with a letter.
Errorsthat can be detected by the syntax analyser

® Use of totally unrecognizable symbols, or misplaced symbols, such as numbers wher
comment field should appear.



® Failure to form address fields correctly, by misplacing operators, omitting commas in
parameter lists, and so on.

Errorsthat can be detected by the semantic analyser

These are rather more subtle, for the semantics of ASSEMBLER programming are often
deliberately vague. Some possible errors are:

® Use of undefined mnemonics.

® Failure to define all labels.

® Supplying address fields for one-byte instructions, or for directivegti&e END.
® Omitting the address for a two-byte instruction, or for directivesdier DC.

® Labelling any of th&8EG ORG | F or END directives.

® Supplying a non-numeric address fieldo®s or EQU. (This might be allowed in some
circumstances).

® Attempting to reference an address outside the available memory. A simple recovery
here is to treat all addressesdulo the available memory size, but this, almost certainly,
needs reporting.

® Use of the address of "data” as the address in a "branch” instruction. This is sometime
in clever programming, and so is not usually regarded as an error.

® Duplicate definition, either of macro names, of formal parameter names, or of label na
This may allow trick effects, but should probably be discouraged.

® Failure to supply the correct number of actual parameters in a macro expansion.

® Attempting to use address fields for directives tike, DS, | F andeQu that cannot be full
evaluated at the time these directives take effect. This is a particularly nasty problem |
one-pass system, for forward references will be set up to object bytes that have no rei
existence.

The above list is not complete, and the reader is urged to reflect on what other errors might
by the user of the assembler.

A moment’s thought will reveal that many errors can be detected during the first pass of a t
assembler, and it might be thought reasonable not to attempt the second pass if errors are
on the first one. However, if a complete listing is to be produced, showing object code along
source code, then this will have to wait for the second pass if forward references are to be f

How best to report errors is a matter of taste. Many assemblers are fairly cryptic in this rege
reporting each error only by giving a code number or letter alongside the line in the listing v
the error was detected. A better approach, exemplified in our code, makes use of the idea
constructing aet of errors. We then associate with each parsed line, not a Boolean error fiel
one of some suitable set type. As errors are discovered this set can be augmented, and at



appropriate time error reporting can take place using a routinei kker r or s that can be found
the enhanced assembler class in Appendix D.

This is very easily handled with implementation languages like Modula-2 or Pascal, which ¢
support the idea of a set type. In+Gve can make use of a simple template set class, with opt
overloaded so as to support virtually the same syntax as is found in the other languages. C
such a class appears in the appendix.

7.2 Simple expressions as addr esses

Many assemblers allow the programmer the facility of including expressions in the address
instructions. For example, we might have the following (shown fully assembled, and with sc
deliberate quirks of coding):

Macro Assenbler 1.0 on 30/05/96 at 21:47:53
(One Pass Assenbl er)

00 BEG ; Count chars and | owercase letters
00 LOOP ;. LOOP

00 0D I NA ; Read(

01 2E 2E CPI PERI OD ; IF CH="." THEN EXI T
03 36 19 BZE EXIT

05 2E 61 CPI  SMALLZ - 25 ; IF (CH >= "a")

07 39 12 BNG * + 10

09 2E 7B CPl  SMALLZ + 1 ; AND (CH <= "z")

OB 38 12 BPZ * + 6

oD 19 20 LDA LETTERS ; THEN | NC( Letters)
OF 05 I NC

10 1E 20 STA LETTERS ; END

12 19 21 LDA LETTERS + 1 ; I NC( Tot al )

14 05 I NC

15 1E 21 STA LETTERS + 1

17 35 00 BRN LOOP ;. END

19 19 20 EXIT LDA LETTERS

1B OF arc ; Wite(Letters)

1C 19 21 LDA TOTAL

1E OF orc ; Wite(Total)

1F 18 HLT

20 00 LETTERS DC O ; RECORD Letters, Total : BYTE END
21 TOTAL EQU *

21 00 DC 0

22 SMALLZ EQU 122 ;oascii 'z’

22 PERIOD EQU 46 ;oascii .

22 END

Here we have used addresses IKETERS + 1 (meaning one location after that assigned to
LETTERS), SMALLZ- 25 (meaning, in this case, an obvious 97), and 6 and* + 10 (a rather
dangerous notation, meaning "6 bytes after the present one" and "10 bytes after the preser
respectively). These are typical of what is allowed in many commercial assemblers. Quite t
complicated the expressions can become in a real assembler is not a matter for discussion
it is of interest to see how to extend our one-pass assembler if we restrict ourselves to addi
form described by

Addr ess

Term{ "+" Term | "-" Term} .
Term .

Label | nunber | "*"

where* stands for "address of this byte". Note that we can, in principle, have as many term:
like, although the example above used only one or two.

In a one-pass assembler, address fields of this kind can be handled fairly easily, even allow
the problem of forward references. As we assemble each line we compute the value of eac



field as fully as we can. In some cases (as # 6) this will be completely; in other cases forwa
references will be needed. In the forward reference table entries we record not only the adc
the bytes to be altered when the labels are finally defined, but also whether these values ar
be added to or subtracted from the value already residing in that byte. There is a slight conr
in that all expressions must be computetiulo 256 (corresponding to a two’s complement
representation).

Perhaps this will be made clearer by considering how a one-pass assembler would handle
code, where we have deliberately delayed the definitieEDfERS, TOTAL, SMALLZ andPERI OD

till the end. For the ETTERS + 1 address in instructions likl¥A LETTERS + 1 we assemble as
though the instruction welsTA 1, and for thesmMaLLZ - 25 address in the instruction

CPI  SMALLZ - 25 we assemble as though the instruction vaere - 25, or, since addresses al
computedmodulo 256, as though the instruction wer 231. At the point just beforeETTERS is

defined, the assembled code would look as follows:

Macro Assenbler 1.0 on 30/05/96 at 21:47:53
(One Pass Assenbl er)

00 BEG ; Count chars and | owercase letters
00 LOOP ; LOOP

00 0D I NA ; Read( CH)

01 2E 00 CPl  PERI CD ; IFCH="." THEN EXIT
03 36 00 BZE EXIT

05 2E E7 CPlI  SMALLZ - 25 ; IF (CH>="a")

07 39 12 BNG * + 10

09 2E 01 CPl  SMALLZ + 1 ; AND (CH <= "z")

0B 38 12 BPZ * + 6

oD 19 00 LDA LETTERS ; THEN | NC( Letters)
OF 05 I NC

10 1E 00 STA LETTERS ; END

12 19 01 LDA LETTERS + 1 ; I NC( Tot al )

14 05 I NC

15 1E 01 STA LETTERS + 1

17 35 00 BRN LOOP ;. END

19 19 00 EXIT LDA LETTERS

1B OF arc ; Wite(Letters)

1C 19 00 LDA TOTAL

1E OF arc ; Wite(Total)

1F 18 HLT

20 00 LETTERS DC O ; RECORD Letters, Total : BYTE END
21 TOTAL EQU *

21 00 DC O

22 SMALLZ EQU 122 ;ascii 'z’

22 PERICD EQU 46 ;oascii L7

22 END

with the entries in the symbol and forward reference tables as depicted in Figure 7.1.

SYMEOL TRELE FORWARD REFEREHCE THELE

Hame Def ined Address FLink Bute HLink Act ion
LOaF Def ined BigH —

PERIOD Undefined
SMALLZ  Undef ined
LETTERS Undef ined
TOTHL Undef ined

+ Bz2h 1l +

BEh ——|
—I—. BAH :I
] |: BEh ——|

1ih
12h

1&h
1Ak ::]

+ 10h 1l

[ S R R
+

+ o+ o+ o+ o+ o+

Figqure 7.1 Sumbol table and forward reference table when simple
edpressions are allowed to form composite address fields



To incorporate these changes requires modifications to the lexical analyser, (which now ha
able to recognize the characters and* as corresponding to lexical tokens or symbols), to th
syntax analyser (which now has more work to do in decoding the address field of an instruc
what was previously the complete address is now possibly just one term of a complex addr
to the semantic analyser (which now has to keep track of how far each address has been c
as well as maintaining the symbol table).

Some of these changes are almost trivial: in the lexical analyser we simply exteadsthe ypes
enumeration, and modify thet symroutine to recognize the comma, plus, minus and asteris}
new tokens.

The changes to the syntax analyser are more profound. We change the definition of an ung
line:

const int SA maxterms = 16;

enum SA ternkinds {
SA_absent, SA nuneric, SA al phaneric, SA comm, SA plus, SA minus, SA star

b

struct SA terns {

SA ternkinds kind,

int nunber; /1 value if known

ASM al fa nane; /1 character representation

b

struct SA addresses {
char | ength; /'l nunber of fields
SA ternms tern|{ SA naxterns - 1];

struct SA unpackedlines {
/1 source text, unpacked into fields
bool | abel | ed;
ASM al fa | abfiel d, menoni c;
SA addr esses address;
ASM strings conment;
ASM errorset errors;
H
and provide a rather grander routine for doing the syntax analysis, which also takes more c
detect errors than before. Much of the spirit of this analysis is similar to the code used in thi
previous assemblers; the main changes occur igetheldr ess routine. However, we should
comment on the choice of an array to store the entries in an address field. Since each line
a varying number of terms it might be thought better (especially with all the practice we hav
having!) to use a dynamic structure. This has not been done here because we do not really
create a new structure for each line - once we have assembled a line the address field is of
further interest, and the structure used to record it is thus reusable. However, we need to cl

the capacity of the array is never exceeded.

The semantic actions needed result in a considerable extension to the algorithm used to e\
address field. The algorithm used previously is delegateddonaal ue routine, one that is calle
repeatedly from the ma#val uat e routine. The forward reference handling is also marginally
more complex, since the forward reference entries have to record the outstanding action to
performed when the back-patching is finally attempted. The revised table handler interface
to accommodate this is as follows:

enum ST_actions { ST_add, ST_subtract };
typedef void (*ST_patch)(MC bytes nmen{], MC bytes b, MC bytes v, ST_actions a);
class ST {

publi c:
voi d printsynbol tabl e(bool &errors);



/1 Summarizes synbol table at end of assenbly, and alters errors
/1 to true if any synbols have renuni ned undefi ned

voi d enter(char *nane, MC _bytes val ue);
/1 Adds nane to table with known val ue

voi d val ueof synbol (char *nanme, MC bytes |ocation, MC bytes &val ue,
ST _actions action, bool &undefined);
/'l Returns value of required name, and sets undefined if not found.
/! Records action to be applied later in fixing up forward references.
/1 location is the current value of the instruction |ocation counter

voi d out st andi ngreferences(MC_bytes nen{], ST_patch fix);
/'l Wl ks synmbol table, applying fix to outstanding references in nem

ST(SH *S);
/'l Associates table handler with source handler S (for listings)

Exercises

7.1 Is it possible to allow a one-pass assembler to handle address fields that contain more
forms of expression, including multiplication and division? Attempt to do so, restricting your
to the case where the expression is evaluated strictly from left to right.

7.2 One drawback of using dynamic structures for storing the elements of a composite add
is that it may be difficult to recover the storage when the structures are destroyed or are no
needed. Would this drawback detract from their use in constructing the symbol table or forv
reference table?

7.3 Improved symbol table handling - hash tables

In assembly, a great deal of time can be spent looking up identifiers and mnemonics in tabl
is worthwhile considering how one might improve on the very simple linear search used in 1
symbol table handler of the previous chapter. A popular way of implementing very efficient
look-up is through the use b&shing functions. These are discussed at great length in most te
on data structures, and we shall provide only a very superficial discussion here, based on t
maintaining a symbol table in an array of fixed maximum length. For an assembler for a me
simple as the one we are considering, a fairly small array would surely suffice. Although the
possibilities for choosing identifiers are almost unlimited, the choice for any one program w
severely limited - after all, with only 256 bytes in the machine, we are scarcely likely to wan
define even as many as 256 labels!

With this in mind we might set up a symbol table structure based on the following declaratic

struct ST entries {
ASM al f a nane;
MC byt es val ue;
bool used;
bool defi ned;
ST forwardrefs *flink;

nanme

val ue once defined

true after entry made in a table slot

true after defining occurrence encountered
to forward references

~————
~————

const int tablemax = 239; // synbol table size (prinme nunber)
ST_entries hashtabl e[tabl emax + 1];

The table is initialized by setting theed field for each entry toal se before assembly
commences; every time a new entry is made in the table this field is setto



The fundamental idea behind hashing is to define a simple function based on the character
identifier, and to use the returned value as an initial index or key into the table, at which po
hope to be able to store or find the identifier and its associated value. If we are lucky, all ide
will map to rather scattered and different keys, making or finding an entry in the table will ne
take more than one comparison, and by the end of assembly there will still be unused slots
table, and possibly large gaps between the slots that are used.

Of course, we shall never be totally lucky, except, perhaps, in trivial programs. Hash functic
kept very simple so that they can be computed quickly. The simplest of such functions will |
undesirable property that many different identifiers may map onto the same key, but a little
reflection will show that, no matter how complicated one makes the function, one always ru
risk that this will happen. Some hash functions are clearly very risky - for example, simply v
the value of the first letter in the identifier as a key. It would be much better to use somethir

hash = (ident[first] * ident[last]) % tabl emax;

(which would still fail to discriminate between identifiers like ABC and CBA), or

hash = (ident[first] * 256 + ident[last]) % tabl emax;

(which would still fail to discriminate between identifiers like AC and ABC).

The subtle part of using a hash table concerns the action to take when we find that some o
identifier is occupying the slot identified by the key (when we want to add to the table) or th
different identifier is occupying the slot (when we want to look up the value of an identifier ii
table).

If this happens - an event known asoHision - we must be prepared to probe elsewhere in the
table looking for the correct entry, a process knowrehashing. This can be done in a variety ¢
ways. The easiest is simply to make a simple linear search in unit steps from the position ic
by the key. This suffers from the disadvantage that the entries in the table tend to get very «
- for example, if the key is simply the first letter, the first identifier starting witill grab the
obvious slot, the second identifier starting wihvill collide with the first starting wittB, and so
on. A better technique is to use bigger steps in looking for the next slot. A fairly effective we
use steps defined by a moderately small prime number - and, as we have already suggeste
symbol table that is itself able to contain a prime number of items. Then in the worst case v
easily be able to detect that the table is full, while still being able to utilize every available sl
before this happens.

The implementation in Appendix D shows how these ideas can be implemented in a table t
compatible with the rest of the assembler. The suggested hashing function is relatively con
but is intended to produce a relatively large range of keys. The search itself is programmed
the so-calledtate variable approach: while searching we can be in one of four states - still lo:
found the identifier we are looking for, found a free slot, or found that the table is full.

The above discussion may have given the impression that the use of hashing functions is s
with problems as to be almost useless, but in fact they turn out to be the method of choice i
serious applications. If a little care is taken over the choice of hashing function, the collisior
can be kept very low, and the speed of access very high.




Exercises

7.3 How could one make use of a hash table to speed up the process of matching mnemor
opcodes?

7.4 Could one use a single hash table to store opcode mnemonics, directive mnemonics, n
labels, and user defined labels?

7.5 In the implementation in Appendix D the hash function is computed within the symbol te
handler itself. It might be more efficient to compute it as the identifier is recognized within tf
scanner. What modifications would be needed to the scanner interface to achieve this?

Further reading

Our treatment of hash functions has been very superficial. Excellent treatments of this subj
be found in the books by Gough (1988), Fischer and LeBlanc (1988, 1991) and Elder (199¢

7.4 Macro processing facilities

Programming in ASSEMBLER is a tedious business at the best of times, because assembl
languages are essentially very simple, and lack the powerful constructs possible in high lev
languages. One way in which life can be made easier for programmers is to permit them to
macros. Amacro is a device that effectively allows the assembler language to be extended,
programmer defining new mnemonics that can then be used repeatedly within the program
thereafter. As usual, it is useful to have a clear syntactic description of what we have in mir
Consider the following modification to tHRRODUCTI ONS section of the second Cocol grammar «
section 6.1, which allows for various of the extensions now being proposed:

PRODUCTI ONS
ASM = Statenment Sequence "END' ECF .
St at enent Sequence = { Statenment [ coment ] EOL } .
St at enent = Executabl e | MacroExpansion | Directive .
Execut abl e = [ Label ] [ OneByteOp | TwoByteOp Address ] .
OneByt eOp = "HLT" | "PSH' | "POP" (* | . . . . etc *) .
TwoByt eOp = "LDA" | "LDX* | "LDI" (* ] . . . . etc *) .
Addr ess =Term{ "+" Term| "-" Term} .
Term = Label | nunber | "*" .
Macr oExpansi on = [ Label ] MacrolLabel Actual Paraneters .
Act ual Paranmeters = [ OneActual { "," OneActual } ] .
OneAct ual = Term| OneByteOp | TwoByteOp .
Directive = Label "EQU' KnownAddress
| [ Label 1 ( "DC' Address | "DS" KnownAddress )
| "ORG' KnownAddress | "BEG'
| "I'F" KnownAddress | MacroDefinition .
Label = identifier .
KnownAddr ess = Address .

MacroDefinition Macr oLabel "MAC' Fornul Paraneters [ comment ] EOL
St at enent Sequence

"END" .

identifier .

[ identifier { "," identifier } ] .

Macr oLabel
For mal Par anet er s

Put less formally, we are adopting the convention that a macro is defined by code like

LABEL MAC P1, P2, P3 ... ; Pl, P2, P3 ... are formal paraneters
; lines of code as usual,
; using P1, P2, P3 ... in various fields

END ; end of definition



whereLABEL is the name of the new instruction, and wheeis a new directive. For example, '
might have

SUM MAC A B,C ; Macro to add Ato B and store in C
LDA A
ADD B
STA C
END ; of macro SUM

It must be emphasized that a macro definition gives a template or model, and does not of it
immediately generate executable code. The program will, in all probability, not have labels
variables with the same names as those given to the formal parameters.

If a program contains one or more macro definitions, we may then use them to generate ex
code by anacro expansion, which takes a form exemplified by

SUM XY, Z

wheresuM the name of the macro, appears in the opcode field, and whezare known as
actual parameters. With sumdefined as in this example, code of the apparent form

SUM X,
P

Y, Z
L1 SuMm QR

would be expanded by the assembly process to generate actual code equivalent to

LDA X
ADD Y
STA z
L1 LDA P
ADD Q
STA R

In the example above the formal parameters appeared only in the address fields of the line
constituting the macro definition, but they are not restricted to such use. For example, the n

CHK MAC A, B, OPCCODE, LAB
LAB LDA A
CPI B
OPCODE LAB
END ; of macro CHK

if invoked by code of the form
CHK X, Y, BNZ, L1

would produce code equivalent to

L1 LDA X
CPI Y
BNZ L1

A macro facility should not be confused withsabroutine facility. The definition of a macro caus
no code to be assembled, nor is there any obligation on the programmer ever to expand ar
particular macro. On the other hand, defining a subrodbegcause code to be generated

immediately. Whenever a macro is expanded the assembler generates code equivalent to f
body, but with the actual parameters textually substituted for the formal parameters. For the
a subroutine the assembler simply generates code for a special form of jump to the subrout

We may add a macro facility to a one-pass assembler quite easily, if we stipulate that each
must be fully defined before it is ever invoked (this is no real limitation if one thinks about it}



The first problem to be solved is that of macro definition. This is easily recognized as immir
theassenbl el i ne routine, which handles thesc directive by calling aef i nemacr o routine from
within the switching construct responsible for handling directives déhienemacr o routine
provides (recursively) for the definition of one macro within the definition of another one, an
fairly sophisticated error handling.

The definition of a macro is handled in two phases. Firstly, an entry must be made into a m
table, recording the name of the macro, the number of parameters, and their formal names
Secondly, provision must be made to store the source text of the macro so that it may be re
every time a macro expansion is called for. As usual, ir+aif@plementation we can make
effective use of yet another class, which we introduce with the following public interface:

typedef struct MH_macentries *MH_nacro;

class M {
publi c:
voi d newracro( MH_nacro &m SA unpackedl i nes header);
/]l Creates mas a new nmacro, with given header |line that includes
/1 the formal paraneters

voi d storeline(Md_macro m SA unpackedlines line);
/1 Adds line to the definition of macro m

voi d checknmacro(char *nanme, MH_nacro &m bool & snacro, int &parans);
/] Checks to see whether nane is that of a predefined macro. Returns
/'l ismacro as the result of the search. |f successful, returns mas
/1 the macro, and parans as the nunber of fornal paraneters

voi d expand(MH_nacro m SA addresses actual parans,

ASMBASE *assenbl er, bool &errors);
/'l Expands macro m by invoking assenbler for each |line of the macro
/1 definition, and using the actual parans supplied in place of the
/1 formal paraneters appearing in the macro header.
/! errors is altered to true if the assenbly fails for any reason

M)
' /1 Initializes macro handl er

The algorithm for assembling an individual line is, essentially, the same as before. The diffe
that, before assembly, theenoni ¢ field is checked to see whether it is a user-defined macro
rather than a standard machine opcode. If it is, the macro is expanded, effectively by asser
lines from the text stored in the macro body, rather than from the incoming source.

The implementation of the macro handler class is quite interesting, and calls for some furth
commentary:

® A variable ofMC_macr o type is simply a pointer to a node from which depends a queue
unpacked source lines. This header node records the unpacked line that forms the me
header itself, and the address field in this header line contains the formal parameters
macro.

® Macro expansion is accomplished by passing the lines stored in the queue to the sam
assenbl el i ne routine that is responsible for assembling "normal” lines. The mutual
recursion which this introduces into the system (the assembler has to be able to invok
macro expansion, which has to be able to invoke the assembler) is handledin a C
implementation by declaring a small base class

cl ass ASMBASE {
public:
virtual void assenbl el ine(SA unpackedlines &srcline, bool &failure) = 0;
// Assenbles srcline, reporting failure if it occurs



The assembler class is then derived from this one, and the base class is also used as
parameter type in theH: : expand function. The same sort of functionality is achieved in
Pascal and Modula-2 implementations by passingdbkenbl el i ne routine as an actual
parameter directly to thexpand routine.

® The macro expansion has to substitute the actual parameters from the address field o
macro invocation line in the place of any formal parameter references that may appea
of the lines stored in the macro "body" before those lines can be assembled. These fo
parameters may of course appear as labels, mnemonics, or as elements of addresses

® A macro expansion may instigate another macro expansion - indeed any use of macr«
processing other than the most trivial probably takes advantage of this feature. Fortun
this is easily handled by the various routines calling one another in a (possibly) mutua
recursive manner.

Exercises

7.6 The following represents an attempt to solve a very simple problem:

BEG

CR EQU 13 ; ASCI| carriage return
LF EQU 10 ; ASCII line feed
WRITE MAC A B, C ; wite integer A and characters B, C
LDA A
orl ; Write integer
LDI B
OrA ; Wite character
LDI C
OTA ; wite character
END ; of WRITE macro
READ MAC A
I NI
STA A
WRITE A CR LF ; reflect on output
END ; of READ macro
LARGE MAC A B, C ; store larger of ABinC
LDA A
CwP B
BPZ * + 3
LDA B
STA C
END ; of LARGE macro
READ X
READ Y
READ z

LARGE X, Y, LARGE
LARGE LARCGE, Z, LARCE

EXIT WRI TE LARGE, CR, LF
HLT

LARGE DS 1
X DS 1
Y DS 1
VA DS 1
END ; of program

If this were assembled by our macro assembler, what would the symbol, forward reference
macro tables look like just before the line label&dT was assembled? Is it permissible to use
identifier LARGE as both the name of a macro and of a label?

7.7 TheLARGE macro of the last example is a little dangerous, perhaps. Addressestlikeare
apt to cause trouble when modifications are made, because programmers forget to change
addresses or offsets. Discuss the implications of coding the body of this macro as



LDA A
CcwP B

BPZ LAB
LDA B
LAB STA C
END ; of LARCGE macro

7.8 Develop macros using the language suggested here that will allow you to simufatettiesn
... else, while ... do, repeat ... until, andfor loop constructions allowed in high level languages

7.9 In our system, a macro may be defiméthin another macro. Is there any advantage in allo
this, especially as macros are all entered in a globally accessible macro table? Would it be
to make nested macros obey scope rules similar to those found in Pascal or Modula-27?

7.10 Suppose two macros use the same formal parameter names. Does this cause probler
attempting macro expansion? Pay particular attention to the problems that might arise in th
ways in which nesting of macro expansions might be required.

7.11 Should one be able to redefine macro names? What does our system do if this is attel
and how should it be changed to support any ideas you may have for improving it?

7.12 Should the number of formal and actual parameters be allowed to disagree?

7.13 To what extent can a macro assembler be used to accept code in one assembly langt
translate it into opcodes for another one?

7.5 Conditional assembly

To realize the full power of an assembler (even one with no macro facilities), it may be desi
add the facility for what is callezbnditional assembly, whereby the assembler can determine
assembly-time whether to include certain sections of source code, or simply ignore them. A
form of this is obtained by introducing an extra directizeused in code of the form

I F Expressi on

which signals to the assembler that thidowing line is to be assembled only if thssembly-time
value ofExpression is non-zero. Frequently this line might be a macro invocation, but it does
have to be. Thus, for example, we might have

SUM MAC A B, C

LDA A

ADD B

STA C

END ; macro
FLAG EQU 1

IF FLAG

SUM X, Y, RESULT

which (in this case) would generate code equivalent to

LDA X
ADD Y
STA RESULT

but if we had setLAG EQU 0 the macro expansion faMmwould not have taken place.



This may seem a little silly, and another example may be more convincing. Suppose we ha
defined the macro

SUM  MAC A, B, C, FLAG
LDA A
IF FLAG
ADI B
I F FLAG 1
ADX B
STA C
END ; macro

Then if we ask for the expansion

SUM X, 45, RESULT, 1

we get assembled code equivalent to

LDA X
ADI 45
STA RESULT

but if we ask for the expansion

SUM X, 45, RESULT, O

we get assembled code equivalent to

LDA X
ADX 45
STA RESULT

This facility is almost trivially easily added to our one-pass assembler, as can be seen by st
the code for the first few lines of ths: : assenbl el i ne function in Appendix D (which handles
the inclusion or rejection of a line), and thwse AS i f clause that handles the recognition of ti
| F directive. Note that the value Bkpression must be completely defined by the time tire
directive is encountered, which may be a little more restrictive than we could allow with a tv
assembler.

Exercises

7.14 Should a macro be allowed to contain a reference to itself? This will allow recursion, ir
sense, in assembly language programming, but how does one prevent the system from get
an indefinite expansion? Can it be done with the facilities so far developed? If not, what mu
added to the language to allow the full power of recursive macro calls?

7.15N! can be defined recursively as
if N=1then N! = 1else N! = N(N-1)!

In the light of your answer to Exercise 7.14, can you make use of this idea to let the macro
assembler developed so far generate code for computing 4! by using recursive macro calls

7.16 Conditional assembly may be enhanced by allowing constructions of the form

I F EXPRESSI ON
line 1
line 2



ENDI F

with the implication that the code up to the direciel F is only assembled XPRESSI ON
evaluates to a non-zero result at assembly-time. Is this really a necessary, or a desirable vi
How could it be implemented? Other extensions might allow code like that below (with fairly
obvious meaning):

I F EXPRESS| ON
line 1
line 2

ELSE
line m
line n

ENDIF

7.17 Conditional assembly might be made easier if one could use Boolean expressions ratl
numerical ones. Discuss the implications of allowing, for example

IF A>0

or

I F A<>0ANDB-=1

7.6 Relocatable code

The assemblers that we have considered so far have been load-and-go type assemblers, [
the machine instructions for the absolute locations where they will reside when the code is
executed. However, when developing a large program it is convenient to be able to assemt
sections, storing each separately, and finally linking the sections together before execution
some extent this can be done with our present system, by placing an extra load on progran
ensure that all the sections of code and data are assembled for different areas in memory,
them keep track of where they all start and stop.

This is so trivial that it need be discussed no further here. However, such a scheme, while i
keeping with the highly simplified view of actual code generation used in this text, is highly
unsatisfactory. More sophisticated systems provide the facility for generating relocatable cc
where the decision as to where it will finally reside is delayed until loading time.

At first sight even this seems easy to implement. With each byte that is generated we asso:
flag, indicating whether the byte will finally be loaded unchanged, or whether it must be mo
at load time by adding an offset to it. For example, the section of code

00 BEG

00 19 06 LDA A
02 22 37 ADI 55
04 1E 07 STA B
06 0C A DC 12
07 00 B DC O
08 END

contains two bytes (assembled as at 01h and 05h) that refer to addresses which would alte
code was relocated. The assembler could easily produce output for the loader on the lines
following (where, as usual, values are given in hexadecimal):

19 0 06 1 22 0 37 0 1E O 07 1 0C o0 00 0



Here the first of each pair denotes a loadable byte, and the second is a flag denoting whett
byte needs to be offset at load timer.efocatable code file of this sort of information could, agai
be preceded by a count of the number of bytes to be loaded. The loader could read a set o
files, effectively concatenating the code into memory from some specified overall starting a
and keeping track as it did so of the offset to be used.

Unfortunately, the full ramifications of this soon reach far beyond the scope of a naive disct
The main point of concern is how to decide which bytes must be regarded as relocatable. T
defined by "constants”, such as the opcodes themselves, or entries in the symbol table ger
EQU directives are clearly "absolute". Entries in the symbol table defined by "labels" in the Ia
field of other instructions may be thought of as relocatable, but bytes defined by expressior
involve the use of such labels are harder to analyse. This may be illustrated by a simple ex

Suppose we had the instruction
LDA A - B

If A andB are absolute, or are both relocatable, and both defined in the section of code bein
assembled, then the difference is absolutgidfabsolute and is relocatable, then the differenci
still relocatable. 1A is absolute and is relocatable, then the difference should probably be rul
inadmissible. Similarly, if we have an instruction like

LDA A+ B

the sum is absolute if bothandB are absolute, is relocatablenifs relocatable and is absolute,
and probably inadmissible otherwise. Similar arguments may be extended to handle an ex
with more than two operands (but notice that expressions with multiplication and division be
still harder to analyse).

The problem is exacerbated still further if - as will inevitably happen when such facilities are
properly exploited - the programmer wishes to make reference to labels which deéned in th
code itself, but which may, perhaps, be defined in a separately assembled routine. It is not
unreasonable to expect the programmer explicitly to declare the names of all labels to be u
this way, perhaps along the lines of

BEG
DEF A
X

C ; these are available for external use
USE Z

3; ; these are not defined, but required

In this case it is not hard to see that the information presented to the loader will have to be
considerably more complex, effectively including those parts of the symbol table relating to
elements of thekr list, and those parts of the forward reference tables that relateusethst.
Rather cowardly, we shall refrain from attempting to discuss these issues in further detail h
leave them as interesting topics for the more adventurous reader to pursue on his or her ov

7.7 Further projects

The following exercises range from being almost trivial to rather long and involved, but the
who successfully completes them will have learned a lot about the assembly translation prc
and possibly even something about assembly language programming.

7.18 We have discussed extensions to the one-pass assembler, rather than the two-pass a



Attempt to extend the two-pass assembler in the same way.

7.19 What features could you add to, and what restrictions could you remove from the asse
process if you used a two-pass rather than a one-pass assembler? Try to include these ext
in your two-pass assembler.

7.20 Modify your assembler to provide for the generation of relocatable code, and possibly
that might be handled by a linkage editor, and modify the loader developed in Chapter 4, s
include a more sophisticated linkage editor.

7.21 How could you prevent programmers from branching to "data", or from treating "instru
locations as data - assuming that you thought it desirable to do so? (As we have mentionec
assembler languages usually allow the programmer complete freedom in respect of the tre:
identifiers, something which is expressly forbidden in strictly typed languages like Pascal, b
which some programmers regard as a most desirable feature of a language.)

7.22 We have carefully chosen our opcode mnemonics for the language so that they are le
unigue. However, some assemblers do not do this. For example, the 6502 assembler as us
pioneering Apple Il microcomputer had instructions like

LDA 2 equi val ent to our LDA 2

and

LDA #2 equi val ent to our LD 2

that is, an extra character in the address field denoted whether the addressing mode was "
"immediate". In fact it was even more complex than thatt theannemonic in 6502 assembler
could be converted into one of 8 machine instructions, depending on the exact form of the i
field. What differences would it make to the assembly process if you had to cater for such
conventions? To make it realistic, study the 6502 assembler mnemonics in detail.

7.23 Another variation on address field notation was provided by the Intel 8080 assembler,
used mnemonics like

MV A B and MV B, A

to generate different single byte instructions. How would this affect the assembly process?

7.24 Some assemblers allow the programmer the facility to use "local” labels, which are no
part of a global symbol list. For example, that provided with the UCSD p-System allowed cc

LAB Wi A 4

IV $2

MWl B, C
$2 NOP

LHLD 1234
LAB2  XCHG

POP  H
$2 PP B

POP D

WP $2
LAB3  NOP

Here thes2 label between theaBl andLAB2 labels and the2 label between theaB2 andLAB3
labels are local to those demarcated sections of code. How difficult is it to add this sort of fe
an assembler, and what would be the advantages in having it?



7.25 Develop a one-pass or two-pass macro assembler for the stack-oriented machine disc
Chapter 4.

7.26 As a more ambitious project, examine the assembler language for a real microproces:
write a good macro assembler for it.
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8 GRAMMARSAND THEIR CLASSIFICATION

In this chapter we shall explore the underlying ideas behind grammars further, identify som
potential problem areas in designing grammars, and examine the ways in which grammars
classified. Designing a grammar to describe the syntax of a programming language is not n
interesting academic exercise. The effort is, in practice, usually made so as to be able to ali
development of a translator for the language (and, of course so that programmers who use
language may have a reference to consult when All Else Fails and they have to Read The
Instructions). Our study thus serves as a prelude to the next chapter, where we shall addre
important problem of parsing rather more systematically than we have done until now.

8.1 Equivalent grammars

As we shall see, not all grammars are suitable as the starting point for developing practical
algorithms, and an important part of compiler theory is concerned with the ability to find
equivalent grammars. Two grammars are said to be equivalent if they describe the same lal
that is, can generate exactly the same set of sentences (not necessarily using the same se
sentential forms or parse trees).

In general we may be able to find several equivalent grammars for any language. A distinct
problem in this regard is a tendency to introduce far too few non-terminals, or alternatively,
many. It should not have escaped attention that the names chosen for non-terminals usuall
some semantic implication to the reader, and the way in which productions are written (that
way in which the grammar is factorized) often serves to emphasize this still further. Choosii
few non-terminals means that semantic implications are very awkward to discern at all, too
means that one runs the risk of ambiguity, and of hiding the semantic implications in a mas
to follow alternatives.

It may be of some interest to give an approximate count of the numbers of non-terminals ar
productions that have been used in the definition of a few languages:

Language Non-term nals Productions
Pascal (Jensen + Wrth report) 110 180
Pascal (|SO standard) 160 300
Edi son 45 90
C 75 220
C++ 110 270
ADA 180 320
Modul a-2 (Wrth) 74 135
Mbdul a-2 (| SO st andar d) 225 306

8.2 Case study - equivalent grammarsfor describing expressions

One problem with the grammars found in text books is that, like many complete programs f
text books, their final presentation often hides the thought which has gone into their develo
To try to redress the balance, let us look at a typical language construct - arithmetic expres
and explore several grammars which seem to define them.



Consider the following EBNF descriptions of simple algebraic expressions. One set is
left-recursive, while the other is right-recursive:

(E1) Goal = Expression . (1)
Expression = Term| Term"-" Expression . (2,3)
Term = Factor | Factor "*" Term. (4, 5)
Fact or = "a" | "b" | "c" . (6, 7, 8)

(E2) Goal = Expression . (1)
Expression = Term| Expression "-" Term. (2, 3)
Term = Factor | Term"*" Factor . (4, 5)
Fact or = "a" | "b" | "c" (6, 7, 8)

Either of these grammars can be used to derive the atribg ¢, and we show the correspondit
phrase structure trees in Figure 8.1 below.

[E1) E?al [EZ) Goal
1
Expression Expression
|
I I I |
Term Expression Expression Term
1
Term
Factor Term Term Term Factor
| | |
Factor | Fa?tnr Fa?tor Fa?tnr
|
a - b * = E] - b * =4

Figure 2.1 Parse trees for the exdpression a — b # ¢ arising from two grammars

We have already commented that it is frequently the case that the semantic structure of a <
reflected in its syntactic structure, and that this is a very useful property for programming la
specification. The terminalsand* fairly obviously have the "meaning” of subtraction and
multiplication. We can reflect this by drawing the abstract syntax tree (AST) equivalents of
above diagrams; ones constructed essentially by eliding out the names of the non-terminal:
depicted in Figure 8.2. Both grammars lead to the same AST, of course.

(E1] | [EZ) |

N N

Figure 8.2 HAbstract swntad trees for the edpression a — b # o

a a

The appropriate meaning can then be extracted from such a tree by performing a post-orde
tree walk.

While the two sets of productions lead to the same sentences, the second set of productior
corresponds to the usual implied semantics of "left to right" associativity of the operatuts,
while the first set has the awkward implied semantics of "right to left" associativity. We can
by considering the parse trees for each grammar for the atribg ¢, depicted in Figure 8.3.



[E1) E?al [EZ2] G?al

Expression Expression

Term Expression Expression Term

Term Expression Edpression Term Factor
Faétnr Térm Térm Factor
FaTtnr Fa?tnr Fa%tnr
a - b - = a - b - =

Figure 8.2 Parse trees for the edpression a — b - o from two grammarcs

Another attempt at writing a grammar for this language is of interest:

(E3) Goal = Expression . (1)
Expression = Term| Term"*" Expression . (2, 3)
Term = Factor | Factor "-" Term. (4, 5)
Fact or = "a" | "b" | "c" (6, 7, 8)

Here we have the unfortunate situation that not only is the associativity of the operators wr¢
relative precedence of multiplication and subtraction has also been inverted from the norm.
can be seen from the parse tree for the expreasibrt ¢ shown in Figure 8.4.

[E3] E?al

Expression

Term Expression
Term
Factor Term
|
Factor Factor
| 1
a - b * =

Figure 2.4 Parse tree for the exdpression a — b # o arising from grammar EZ

Of course, if we use the EBNF metasymbols it is possible to write grammars without using
recursive productions. Two such grammars follow:

(E4) Goal = Expression . (1)
Expression = Term{ "-" Term} . (2)
Term = Factor { "*" Factor } . (3)
Fact or = "a" | "b" | "c¢c" . (4, 5, 6)
(E5) Goal = Expression . (1)
Expression = { Term"-" } Term. (2)
Term = { Factor "*" } Factor . (3)
Fact or = "a" | "b" | "c" (4, 5, 6)
Exercises

8.1 Draw syntax diagrams which reflect the different approaches taken to factorizing these
grammars.

8.2 Comment on the associativity and precedence that seem to underpin grammars E4 anc
8.3 Develop sets of productions for algebraic expressions that will describe the operations

addition and division as well as subtraction and multiplication. Analyse your attempts in sor
detail, paying heed to the issues of associativity and precedence.



8.4 Develop sets of productions which describe expressions exemplified by
-at+sinp+c)*(-(b-a))

that is to say, fairly general mathematical expressions, with bracketing, leading unary signs

usual operations of addition, subtraction, division and multiplication, and simple function ca

Ensure that the productions correspond to the conventional precedence and associativity ri

arithmetic expressions.

8.5 Extend Exercise 8.4 to allow for exponentiation as well.

8.3 Some simplerestrictionson grammars

Had he looked at our grammars, Mr. Orwell might have been tempted to declare that, while
might be equal, some are more equal than others. Even with only limited experience we ha
that some grammars will have features which will make them awkward to use as the basis
compiler development. There are several standard restrictions which are called for by differ
parsing techniques, among which are some fairly obvious ones.

8.3.1 Useless productions and reduced grammars

For a grammar to be of practical value, especially in the automatic construction of parsers ¢
compilers, it should not contain superfluous rules that cannot be used in parsing a sentenct
Detection of useless productions may seem a waste of time, but it may also point to a cleric
(perhaps an omission) in writing the productions. An example of a grammar with useless
productions is

(7]
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The useful productions are (1), (3) and (5). Production {6+ aa) is useless, becau¥ds

non-reachable or non-derivable - there is no way of introducinginto a sentential form (that is,
S +>" Y8 for anye, B). Productions (2) and (4) are useless, becZuseon-terminating - if Z

appears in a sentential form then this cannot generate a terminal string &h#tis; for any
«€T").

A reduced grammar is one that does not contain superfluous rules of these two types
(non-terminals that can never be reached from the start symbol, and non-terminals that car
produce terminal strings).

More formally, a context-free grammar is said to be reduced if, for each non-teBmveatan
write



S="«Bp

for some stringa and@, and where

*

B=%

for someve T .

In fact, non-terminals that cannot be reached in any derivation from the start symbol are so
added so as to assist in describing the language - an example might be to write, for C

Comment ="/ *" CommentString "*/ " .
CommentString = character | CommentString character .

8.3.2=-freegrammars
Intuitively we might expect that detecting the presence of "nothing" would be a little awkwat
for this reason certain compiling techniques require that a grammar should cortarmodoctions

(those which generate the null string). Such a grammar is referred te-ks@grammar.

e-productions are usually used in BNF as a way of terminating recursion, and are often easi
removed. For example, the productions

| nt eger = digit RestOlnteger .
RestOfInteger = digit RestOflnteger | £ .
digit = QT | AT | t2M | MBM | tAM | "BY | ve" | "7t | "e | "o

can be replaced by tedree equivalent

I nt eger

digit | Integer digit .
digit " won wan "

"1T ]2 | "3 | 4" | "5" | "6 | "7" | "8 | "9

Inn
(D:‘

Such replacement may not always be so easy: the reader might like to look at the grammau
Section 8.7, which usegoroductions to expres3onstDeclarations, VarDeclarations and
Satement, and try to eliminate them.
8.3.3 Cycle-freegrammars
A production in which the right side consists of a single non-terminal

A— B (whereA,B € N)
is termed aingle production. Fairly obviously, a single production of the form

A— A
serves no useful purpose, and should never be present. It could be argued that it causes n
it presumably would be an alternative which was never used (so being useless, in a sense

that discussed above). A less obvious example is provided by the set of productions

A— B
B— C



C— A

Not only is this useless in this new sense, it is highly undesirable from the point of obtaining
unique parse, and so all parsing techniques require a grammaryidsfr ee - it should not perm

a derivation of the form

A=A

8.4 Ambiguous grammars

An important property which one looks for in programming languages is that every sentenc
can be generated by the language should have a unique parse tree, or, equivalently, a unic
right) canonical parse. If a sentence produced by a grammar has two or more parse trees t
grammar is said to bembiguous. An example of ambiguity is provided by another attempt at

writing a grammar for simple algebraic expressions - this time apparently simpler than befo

(E6) Goal

Expr essi on

Fact or

Expression "*"
| Factor
h g e

| "b"

Expression .
Expr essi on

"-" Expression

| “c

Expr essi on

(
(
(
(
(

1
2
3

)
)
)
4)

5 6, 7)

With this grammar the sentenae b * ¢ has two distinct parse trees and two canonical derivai
We refer to the numbers to show the derivation steps.

[EE)

Goal

Expression

Expression

Factor

a

Expression

Expression
1
Factor
1
b
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HprEssion
[
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1
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Figure 2.5 0One parse tree for the edpression a — b # ¢ using grammar ES

The parse tree shown in Figure 8.5 corresponds to the derivation

Goal —* Expression
—+* Expression - Expression
—* Factor - Expression
—* a - Expression
—F a - Expression * Expression
—* a - Factor * Expression
—+* a - b * Expression
—+ a - b * Factor
—+ a-b*c

while the second derivation

Goal Expr essi on
Expression * Express
Expression -

Factor -

- Factor * Express
- b * Expression

- b * Factor

- b*c
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on

Expression * Expression
Expression * Expression
Expressi on * Expression
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corresponds to the parse tree depicted in Figure 8.6.

[E&] E?al

Expression

Expression Expression

Expression Expression Factor
Favlzt o Factor
[
a = b * [=

Figure 8.8 HAnother parse tres for the expression a — b # o using grammar EE&

If the only use for grammars was to determine whether a string belonged to the language, ¢
would be of little consequence. However, if the meaning of a program is to be tied to its syr
structure, then ambiguity must be avoided. In the example above, the two trees corresponc
different evaluation sequences for the operat@sd- . In the first case the "meaning” would b
the usual mathematical one, namaky(b * c), but in the second case the meaning would
effectively be §-b) * c.

We have already seen various examples of unambiguous grammars for this language in ar
section, and in this case, fortunately, ambiguity is quite easily avoided.

The most famous example of an ambiguous grammar probably relates ko.the THEN . . .
ELSE statement in simple Algol-like languages. Let us demonstrate this by defining a simple
grammar for such a construct.

Program = Statenent .
St at enent = Assignnent | |fStatenent .
Assi gnnment = Variable ":=" Expression
Expressi on = Variable .
Vari abl e = "it Uit "k" ] "a" | "b" | "c"
| f St at ement = "IF" Condition "THEN' Statenent
| "I'F" Condition "THEN' Staterment "ELSE"' Statenent
Condi ti on = Expression "=" Expression

| Expression "#" Expression
In this grammar the string
IFi =j THENIFi =k THENa := b ELSEa :=¢

has two possible parse trees. The reader is invited to draw these out as an exercise; the es
point is that we can parse the string to correspond either to

IFi =j THEN(IFi =k THENa := b ELSE a := ¢)
ELSE ( not hi ng)

or to

IFi =j THEN (IFi =k THEN a := b ELSE not hi ng)
ELSE (a := c)

Any language which allows a sentence such as this may be inherently ambiguous unless ¢
restrictions are imposed on it, for example, on the part followingHie of anlfStatement, as was
done in Algol (Naur, 1963). In Pascal ané+Cas is hopefully well known, a#.SE is deemed to
be attached to the most recent unmatat&nl, and the problem is avoided that way. In other
languages it is avoided by introducing closing tokensHiN@ F andeLSI F. It is, however, possib
to write productions thare unambiguous:

St at enment = Mat ched | Unmat ched



Mat ched "I F" Condition "THEN' Matched "ELSE' Matched

| QtherStatenment .

Unmat ched = "I F* Condition "THEN' Statenent
| "I'F" Condition "THEN' Matched "ELSE" Unnatched .

In the general case, unfortunately, no algorithm exists (or can exist) that can take an arbitre
grammar and determine with certainty and in a finite amount of time whether it is ambiguou
not. All that one can do is to develop fairly simple but non-trivial conditions which, if satisfie
grammar, assure one that it is unambiguous. Fortunately, ambiguity does not seem to be a
in practical programming languages.

Exercises

8.6 Convince yourself that the last set of productionsfor.. THEN ... ELSE statements is
unambiguous.

8.5 Context senditivity
Some potential ambiguities belong to a class which is usually tesonéekt-sensitive. Spoken
and written language is full of such examples, which the average person parses with ease,
usually within a particular cultural context or idiom. For example, the sentences

Time flies like an arrow
and

Fruit flies like a banana
in one sense have identical construction

Noun Verb Adverbial phrase

but, unless we were preoccupied with aerodynamics, in listening to them we would probabl
subconsciously parse the second along the lines of

Adjective Noun Verb Noun phrase
Examples like this can be found in programming languages too. In Fortran a statement of tl
A =B(J)
(when taken out of context) could imply a reference either to the Jth element of array B, or-
evaluation of a function B with integer argument J. Mathematically there is little difference -

array can be thought of as a mapping, just as a function can, although programmers may n
think that way.




8.6 The Chomsky hierarchy

Until now all our practical examples of productions have had a single non-terminal on the le
although grammars may be more general than that. Based on pioneering work by a linguist
(Chomsky, 1959), computer scientists now recognize four classes of grammar. The classifi
depends on the format of the productions, and may be summarized as follows:

8.6.1 Type 0 Grammars (Unrestricted)

An unrestricted grammar is one in which there are virtually no restrictions on the form of an
the productions, which have the general form

t—p withe€ (NUT)Y N(NUT)Y ,Be (NUT)

(thus the only restriction is that there must be at least one non-terminal symbol on the left s
each production). The other types of grammars are more restricted; to qualify as being of ty
rather than one of these more restricted types it is necessary for the grammar to contain at
productiore — B with |« | > | |, where ¢ | denotes the length @f Such a production can be us

to "erase" symbols - for exampbiAB — aB erasesA from the contexdAB. This type is so rare i
computer applications that we shall consider it no further here. Practical grammars need to
more restricted if we are to base translators on them.

8.6.2 Type 1 Grammars (Context-sensitive)

If we impose the restriction on a type O grammar that the number of symbols in the string o
of any production is less than or equal to the number of symbols on the right side of that
production, we get the subset of grammars known as typeadhiaxt-sensitive. In fact, to qualify
for being of type 1 rather than of a yet more restricted type, it is necessary for the grammar
contain at least one production with a left side longer than one symbol.

Productions in type 1 grammars are of the general form
o« — P with e [€[B],c€ (NUT) N(NUT) ,pe (NUT)*

Strictly, it follows that the null string would not be allowed as a right side of any production.
However, this is sometimes overlookeds-gsoductions are often needed to terminate recursi\
definitions. Indeed, the exact definition of "context-sensitive" differs from author to author. |
another definition, productions are required to be limited to the form

eAB—aB withe,F€ NUT), A€ N*,v€ (NUT)*
although examples are often given where productions are of a more general form, namely
A3 withe,B,g,E€ (NUT) A€ N, ve (NUT)'

(It can be shown that the two definitions are equivalent.) Here we can see the meaning of
context-sensitive more clearly™may be replaced kiywhenA is found in the context of (that is,
surrounded byg andg.



A much quoted simple example of such a grammar is as follows:

G={N, T, S, P}

N={A, B, C}

T={ a b, c}

S=A

P =
A —F aABC | abC (1, 2)
CB —* BC (3)
bB —* bb (4)
bC —# bc (5)
cC —* cc (6)

Let us derive a sentence using this gramias.the start string: let us choose to apply produci

1)
A— aABC

and then in this new string choose another productioA,foamely (2) to derive
A— aabCBC

and follow this by the use of (3). (We could also have chosen (5) at this point.)
A—aabBCC

We follow this by using (4) to derive
A— aabb CC

followed by the use of (5) to get
A—aabbcC

followed finally by the use of (6) to give
A— aabbcc

However, with this grammar it is possible to derive a sentential form to which no further
productions can be applied. For example, after deriving the sentential form

aabCBC
if we were to apply (5) instead of (3) we would obtain

aabcBC
but no further production can be applied to this string. The consequence of such a failure tc
terminal string is simply that we must try other possibilities until we find those that yield tern

strings. The consequences for the reverse problem, namely parsing, are that we may have
to considerabl®acktracking to decide whether a string is a sentence in the language.

Exercises



8.7 Derive (or show how to parse) the strings
abc andaaabbbccc

using the above grammar.

8.8 Show informally that the strings
abbc , aabc andabcc

cannot be derived using this grammar.

8.9 Derive a context-sensitive grammar for strings of 0’s and 1's so that the number of 0's ¢
is the same.

8.10 Attempt to write context-sensitive productions from which the English examples in sec
could be derived.

8.11 An attempt to use context-sensitive productions in an actual computer language was r
Lee (1972), who gave such productions forrReNT statement in BASIC. Such a statement mi
be described informally as having the keywprdNT followed by an arbitrary number of
Expressions andStrings. Between each pair &xpressions a Separator is required, but between
any other pair&ring - Expression, String - Siring or Expression - String) the Separator is optional.

Study Lee’s work, criticize it, and attempt to describe the BARIQIT statement using a
context-free grammar.

8.6.3 Type 2 Grammar s (Context-fr ee)

A more restricted subset of context-sensitive grammars yields the typeext-free grammars
A grammar is context-free if the left side of every production consists of a single non-termir
the right side consists of a non-empty sequence of terminals and non-terminals, so that pro
have the form

& with§ [<|B],«€ N,p€ (NUT)*
that is
A B withA€ N ,pe (NUT)*

Strictly, as before, naproductions should be allowed, but this is often relaxed to allow

B € (NUT)". Such productions are easily seen to be context-free, becausedfirs in any
string, saytAs, then we may effect a derivation s = ¥ without any regard for the particule
context (prefix or suffix) in whichA occurs.

Most of our earlier examples have been of this form, and we shall consider a larger exampl
shortly, for a complete small programming language.



Exercises

8.12 Develop a context-free grammar that specifies the senofdecimal literals that may be
written in Fortran. Examples of these literals are

-21.5 0. 25 3.7E-6 . 5E7 6E6 100. OE+3
8.13 Repeat the last exercise RaaL literals in Modula-2 and Pascal, andat literals in G-+.

8.14 Find a context-free grammar that describes Modula-2 comments (unlike Pascat,ahd<g
may be nested).

8.15 Develop a context-free grammar that generates all palindromes constructed of tleedett
b (palindromes are strings that read the same from either endbéikbaba).

8.6.4 Type 3 Grammars (Regular, Right-linear or L eft-linear)

Imposing still further constraints on productions leads us to the concept of a typegGlar
grammar. This can take one or other of two forms (but not both at once)ghtdinear if the
right side of every production consists of zero or one terminal symbols, optionally followed |
single non-terminal, and if the left side is a single non-terminal, so that productions have th

A—+aorA—+aB withae T,A Be N

It is left-linear if the right side of every production consists of zero or one terminals optional
preceded by a single non-terminal, so that productions have the form

A—+aorA—Ba withae T,ABEN

(Strictly, as before;, productions are ruled out - a restriction often overlooked). A simple exar
of such a grammar is one for describing binary integers

Bi narylnteger = "0" Binarylnteger | "1" Binarylnteger | "O0" | "1"

Regular grammars are rather restrictive - local features of programming languages like the
definitions of integer numbers and identifiers can be described by them, but not much more
grammars have the property that their sentences may be parsed by sbrotdiechte automata,
and can be alternatively described by regular expressions, which makes them of theoretica
from that viewpoint as well.

Exercises

8.16 Can you describe signed integers and Fortran identifiers in terms of regular grammars
as in terms of context-free grammars?

8.17 Can you develop a regular grammar that specifies thefgetanf decimal literals that may |
written in G-+?

8.18 Repeat the last exercise RaaL literals in Modula-2, Pascal and Fortran.



8.6.5 Therelationship between grammar type and language type

It should be clear from the above that type 3 grammars are a subset of type 2 grammars, W
themselves form a subset of type 1 grammars, which in turn form a subset of type 0 gramir
Figure 8.7).

Tupe 3 Tupe 2 Tupe 1 Tups @

Reau Lar Contert—fres Contedt— Unrestricted
SENS Lt Lve

Figure 8.7 The Chomskw hierarchy of grammars

A languagd_(G) is said to be of typk if it can be generated by a typggrammar. Thus, for
example, a language is said to be context-free if a context-free grammar may be used to de
Note that if a non context- free definition is given for a particular language, it does not nece
imply that the language is not context-free - there may be an alternative (possibly
yet-to-be-discovered) context-free grammar that describes it. Similarly, the fact that a langL
for example, most easily be described by a context-free grammar does not necessarily pre«
being able to find an equivalent regular grammar.

As it happens, grammars for modern programming languages are usually largely context-fr

some unavoidable context-sensitive features, which are usually handled with a fead értra

rules and by using so- callattribute grammars, rather than by engaging on the far more diffi

task of finding suitable context- sensitive grammars. Among these features are the followin
® The declaration of a variable must precede its use.

® The number of formal and actual parameters in a procedure call must be the same.

® The number of index expressions or fields in a variable designator must match the nu
specified in its declaration.

Exercises

8.19 Develop a grammar for describswganf orprintf statements in C. Can this be done in a
context-free way, or do you need to introduce context-sensitivity?

8.20 Develop a grammar for describing Fortran FORMAT statements. Can this be done in
context-free way, or do you need to introduce context-sensitivity?

Further reading

The material in this chapter is very standard, and good treatments of it can be found in mar
The keen reader might do well to look at the alternative presentation in the books by Gougt
Watson (1989), Rechenberg and Mdssenbdck (1989), Watt (1991), Pittman and Peters (19



Sethi and Ullman (1986), or Tremblay and Sorenson (1985). The last three references are
considerably more rigorous than the others, drawing several fine points which we have glos
over, but are still quite readable.

8.7 Case study - Clang

As a rather larger example, we give here the complete syntactic specification of a simple
programming language, which will be used as the basis for discussion and enlargement at
points in the future. The language is called Clang, an acrony@ofocurrent. anguage (also
chosen because it has a fine ring to it), deliberately contains a mixture of features drawn frc
languages like Pascal and+C and should be immediately comprehensible to programmers fe
with those languages.

The semantics of Clang, and especially the concurrent aspects of the extensions that give |
name, will be discussed in later chapters. It will suffice here to comment that the only data
structures (for the moment) are the scaMIiEGER and simple arrays ofNTEGER.

8.7.1 BNF Description of Clang

In the first set of productions we have used recursion to show the repetition:

COWPI LER Cl ang

| GNORE CASE
| GNORE CHR(9) .. CHR(13)
COMMENTS FROM " (*" TO "*)"

CHARACTERS
cr = CHR(13) .
| f = CHR(10) .
letter = " ABCDEFCHI JKLMNOPQRSTUWWKYZabcdef ghi j kl mopgr st uvwxyz" .
digit = "0123456789" .
instring = ANY - """ - ¢cr - If .
TOKENS
identifier = letter { letter | digit } .
nunber =digit { digit } .
string ="'" (instring | ""'") { instring | """ } "'"
PRODUCTI ONS
Cl ang "PROGRAM' identifier ";" Block "."
Bl ock Decl arati ons ConpoundSt at enent .

OneDecl aration Decl arations |

Const Decl arations | VarDecl arations .
" CONST" Const Sequence .

OneConst | Const Sequence OneConst .

Decl ar ati ons
OneDecl arati on
Const Decl ar ati ons
Const Sequence

ReadSt at enent
Vari abl eSequence
Wit eStat enent

"READ' " (" Vari abl eSequence ")" .
Variable | Variabl eSequence "," Variable .
"WRI TE" WiteParaneters .

OneConst identifier "=" nunber ";"
Var Decl ar ati ons "VAR' Var Sequence ";" .
Var Sequence OneVar | Var Sequence "," OneVar .
OneVar identifier UpperBound .
Upper Bound "[" number "]" | .
ConpoundSt at enment "BEG N' St at ement Sequence "END' .
St at enent Sequence Statenent | StatenentSequence ";" Statenent .
St at enent ConmpoundSt at ement | Assi gnnent
| f St at enent | Wi | eSt at enent

| ReadSt at emrent | WiteStatenent |
Assi gnnment = Variable ":=" Expression .
Vari abl e = Designator .
Desi gnat or = identifier Subscript .
Subscri pt = "[" Expression "]1" | .
| f St at enent = "IF" Condition "THEN' Statenent .
Whi | eSt at enent = "WH LE" Condition "DO' Statenent .
Condi tion = Expression Rel Op Expression .



WiteParaneters
Wit eSequence
Wit eEl enent
Expr essi on

"(" WiteSequence ")" | .

WiteEl enent | WiteSequence "," WiteEl enent .
string | Expression .

Term | AddOp Term | Expression AddOp Term .

Term Factor | Term Mul Op Factor .

Fact or Desi gnator | nunber | "(" Expression ")"

AddOp R

Ml Op e |

Rel Op I e I BN B
END d ang.

8.7.2 EBNF description of Clang

As usual, an EBNF description is somewhat more concise:

COMPI LER O ang

| GNORE CASE
I GNORE CHR(9) .. CHR(13)
COMMENTS FROM " (*" TO "*)*"

CHARACTERS
cr = CHR(13) .
| f = CHR(10) .
letter = " ABCDEFGHI JKLMNOPQRSTUVWKYZabcdef ghi j kIl mopqgr st uvwxyz"
digit = "0123456789" .
instring = ANY - """ - cr - If .
TOKENS
identifier = letter { letter | digit } .
nunber =digit { digit }
string ="'" (instring | *"’") { instring | """ } """
PRODUCTI ONS
Cl ang = "PROGRAM' identifier ";" Block "." .
Bl ock = { ConstDeclarations | VarDeclarations }

ConpoundSt at enent .

Const Decl ar ati ons "CONST" (OneConst { OneConst } .

OneConst = identifier "=" nunmber ";" .
Var Decl ar ati ons = "VAR' Onevar { "," Onevar } ";" .
OneVar = identifier [ UpperBound ]
Upper Bound = "[" nunmber "]" .
ConpoundSt atenent = "BEG N' Statenment { ";" Statenent } "END'
St at enent =[ ConmpoundSt at ement | Assi gnment
| 1fStatenent | Wi | eSt at enent
| ReadSt at emrent | WiteStatenent ]
Assi gnnent = Variable ":=" Expression .
Vari abl e = Designator .
Desi gnat or = identifier [ "[" Expression "]" ]
| f St at enent = "IF" Condition "THEN' Statenent .
Wi | eSt at emrent = "WHI LE" Condition "DO'" Statenent .
Condi tion = Expression Rel Op Expression .
ReadsSt at enment = "READ"' "(" Variable { "," Variable } ")" .
Wit eSt at enent = "WRI TE"
[ "(" WiteElement { "," WiteElement } ")" ]
Wit eEl ement = string | Expression .
Expr essi on =( "+" Term]| "-" Term| Term) { AddOp Term} .
Term = Factor { Mul Op Factor } .
Fact or = Designator | nunber | "(" Expression ")"
AddOp ="+t
Mul Op = mEnopo
Rel Op CRE A RS o RS I I I
END d ang.

8.7.3 A sample program

It is fairly common practice to illustrate a programming language description with an examp
program illustrating many of the language’s features. To keep up with tradition, we follow sl
rather obtuse way in whidh i gi bl e is incremented before being used in a subscripting expre
in line 16 is simply to illustrate that a subscript can be an expression.

PROGRAM Debug;
CONST
Vot i ngAge = 18;
VAR
Eligible, Voters[100], Age, Total;



BEG N

Total := 0;
Eligible := 0;
READ( Age) ;
WH LE Age > 0 DO
BEG N
| F Age > VotingAge THEN
BEG N
Voters[ Eligible] := Age;
Eligible := Eligible + 1;
Total := Total + Voters[Eligible - 1]
END;
READ( Age) ;
END;
WRI TE(Eligible, ' voters. Average age = ', Total / Eligible);
END.
Exercises

8.21 Do the BNF style productions use right or left recursion? Write an equivalent grammar
uses the opposite form of recursion.

8.22 Develop a set of syntax diagrams for Clang (see section 5.10).

8.23 We have made no attempt to describe the semantics of programs written in Clang; to
familiar with similar languages they should be self-evident. Write simple programs in the lar
to:

(a) Find the sum of the numbers between two input data, which can be supplied in eitl
order.

(b) Use Euclid’s algorithm to find the HCF of two integers.
(c) Determine which of a set of year dates correspond to leap years.

(d) Read a sequence of numbers and print out the embedded monotonic increasing
sequence.

(e) Use a "sieve" algorithm to determine which of the numbers less than 255 are prim

In the light of your experience in preparing these solutions, and from the intuition which you
from your background in other languages, can you foresee any gross deficiencies in Clang
language for handling problems in integer arithmetic (apart from its lack of procedural facilit
which we shall deal with in a later chapter)?

8.24 Suppose someone came to you with the following draft program, seeking answer to th
guestions currently found in the comments next to some statements. How many of these q|
can you answer by referrirggly to the syntactic description given earlier? (The program is nc
supposed to do anything useful!)

PROGRAM Query;

CONST
Header = "Title'; (* Can | declare a string constant? *)
VAR
L1[ 10], L2[10], (* Are these the sanme size? *)
L3[20], I, Query, (* Can | reuse the programnanme as a variable? *)
L3[15]; (* What happens if | use a variable nane again? *)
CONST (* Can | declare constants after variables? *)

Max = 1000;



Mn = -89; Can | define negative constants? *)

EE

VAR Can | have another variable section? *)
Bi gLi st [ Max]; Can | use naned constants to set array sizes? *)
BEG N

(
(
(
Wit e( Headi ng) (
L1[10] := 34; (
(
(
(

Can | wite constants? *)
Does L[10] exist? *)

* % ok ok %

L1 := L2 Can | copy conpl ete arrays? *)

Wite(L3); Can | wite conplete arrays? *)

i o= Query; What about spurious sem col ons? *)
END.

8.25 As a more challenging exercise, consider a variation on Clang, one that resemédket
more closely than it does Pascal. Using the translation below of the sample program given
a guide, derive a grammar that you think describes this language (which we shall later call
"Topsy"). For simplicity, regardi n andcout as keywords leading to special statement forms.

void main (void) {
const VotingAge = 18;
int Eligible, Voters[100], Age, Total;

Total = O;
Eligible = 0;
cin >> Age;
while (Age > 0) {
if (Age > VotingAge) {

Voters[ Eligible] = Age;

Eligible = Eligible + 1;

Total = Total + Voters[Eligible - 1];

cin >> Age;

cout << Eligible << " voters. Average age = " << Total / Eligible;

}

8.26 In the light of your experience with Exercises 8.24 and 8.25, discuss the ease of
"reverse-engineering" a programming language description by consulting only a few examg
programs? Why do you suppose so many students attempt to learn programming by imitati

8.27 Modify the Clang language definition to incorporate Pascal-like forms of:

(a) therREPEAT ... UNTIL statement

(b) thel F ... THEN ... ELSE statement
(c) thecAsk statement

(d) theFORr loop

(e) themoD operator.

8.28 Repeat the last exercise for the language suggested by Exercise 8.25, using syntax tr
resembles that found in+&.

8.29 In Modula-2, structured statements are each terminated with theanowrdow would you
have to change the Clang language definition to use Modula-2 forms for the existing staten
and for the extensions suggested in Exercise 8.27? What advantages, if any, do these forn
over those found in Pascal o¥?

8.30 Study how the specification of string tokens has been achieved in Cocol. Some languz
Modula- 2, allow strings to be delimited by either single or double quotes, but not to contair
delimiter as a member of the string (so that we might write "David’s Helen’s brother" or 'He
"Hello™, but not 'He said "That’s rubbish!""). How would you specify string tokens if these h¢
match those found in Modula-2, or those found # Gwhere various escape characters are
allowed within the string)?
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9DETERMINISTIC TOP-DOWN PARSING

In this chapter we build on the ideas developed in the last one, and discuss the relationshig
the formal definition of the syntax of a programming language, and the methods that can be
parse programs written in that language. As with so much else in this text, our treatment is
introductory, but detailed enough to make the reader aware of certain crucial issues.

9.1 Deterministic top-down parsing

The task of the front end of a translator is, of course, not the generation of sentences in a s
language, but the recognition of them. This implies that the generating steps which led to tr
construction of a sentence must be deduced from the finished sentence. How difficult this i
depends on the complexity of the production rules of the grammar. For Pascal-like languag
in fact, not too bad, but in the case of languages like Fortran-anid 2comes quite complicate
for reasons that may not at first be apparent.

Many different methods for parsing sentences have been developed. We shall concentrate
rather simple, and yet quite effective one, knowtopsdown par sing by recur sive descent,
which can be applied to Pascal, Modula-2, and many similar languages, including the simp
section 8.7.

The reason for the phrase "by recursive descent" will become apparent later. For the mome
note that top- down methods effectively start from the goal symbol and try to regenerate the
sentence by applying a sequence of appropriate productions. In doing this they are guided
looking at the next terminal in the string that they have been given to parse.

To illustrate top-down parsing, consider the toy grammar

G={ N, T, S, P}

N={ A, B}

T={ x, vy, z}

S= A

P=
A — xB 1)
B — =z 2
B — yB 3)

Let us try to parse the sentenggz, which clearly is formed from the terminals of this gramma
We start with the goal symbol and the input string

Sentential form S= A Input string Xyyz
To the sentential formA we apply the only possible production (1) to get

Sentential form xB Input string Xyyz

So far we are obviously doing well. The leading terminals in both the sentential form and th
string match, and we can effectively discard them from both; what then remains implies tha
the non-terminaB we must be able to deriygz

Sentential form B Input string yyz



We could choose either of productions (2) or (3) in handling the non-terB)isahply looking at
the input string indicates that (3) is the obvious choice. If we apply this production we get

Sentential form yB Input string yyz
which implies that from the non-terminBlwe must be able to deriye.
Sentential form B Input string yz
Again we are led to use production (3) and we get

Sentential form yB Input string yz

which implies that from the non-terminiwe must be able to derive the termindirectly - whict
of course we can do by applying (2).

The reader can easily verify that a sentence composed only of the tetifsineth asxxx) could
not be derived from the goal symbol, nor could one wis the rightmost symbol, suchxagyy.

The method we are using is a special case of so-dallék) parsing. The terminology comes frc
the notion that we are scanning the input string ftaaft to right (the first L), applying productio
to theL eftmost non- terminal in the sentential form we are manipulating (the second L), anc
looking only as far ahead as the nkxérminals in the input string to help decide which produc
to apply at any stage. In our example, fairly obviously,1; LL(1) parsing is the most common
form of LL(k) parsing in practice.

Parsing in this way is not always as easy, as is evident from the following example

G={ N, T, S, P}

N={ A, B, C}

T={ x y z}

S= A

P=
A —* xB 1)
A —* xC )
B —* xB 3)
B —* y 4)
cC — xC (5)
cC —+» 2 (6)

If we try to parse the senteneoez we might proceed as follows
Sentential form S = A Input string XXXZ

In manipulating the sentential forAawe must make a choice between productions (1) and (2)
do not get any real help from looking at the first terminal in the input string, so let us try pro
(). This leads to

Sentential form xB Input string XXXZ

which implies that we must be able to denwe from B. We now have a much clearer choice; ¢
the productions foB it is (3) which will yield an initialx, so we apply it and get to

Sentential form xB Input string XXZ
which implies that we must be able to demedrom B. If we apply (1) again we get

Sentential form xB Input string Xz

which implies that we must be able to demwatirectly fromB, which we cannot do. If we reflect
this we see that either we cannot derive the string, or we made a wrong decision somewhe



the line. In this case, fairly obviously, we went wrong right at the beginning. Had we used
production (2) and not (1) we should have matched the string quite easily.

When faced with this sort of dilemma, a parser might adopt the strategy of simply proceedii
according to one of the possible options, being prepared to retreat along the chosen path if
further progress is possible. Abgcktracking action is clearly inefficient, and even with a
grammar as simple as this there is almost no limit to the amount of backtracking one might
be prepared to do. One approach to language design suggests that syntactic structures wh
only be described by productions that run the risk of requiring backtracking algorithms shot
identified, and avoided.

This may not be possible after the event of defining a language, of course - Fortran is full o
examples where it seems backtracking might be needed. A classic example is found in the
statements

DO10I=1,2
and

DO10I=1.2

These are distinguishable as examples of two totally different statementogststé ment and
REALassignment) only by the period/comma. This kind of problem is avoided in modern lan
by the introduction of reserved keywords, and by an insistence that white space appear bet
some tokens (neither of which are features of Fortran, but neither of which cause difficulties
programmers who have never known otherwise).

The consequences of backtracking for full-blooded translators are far more severe than oul
example might suggest. Typically these do not simply read single characters (even "unreac
characters is awkward enough for a computer), but also construct explicit or implicit trees, ¢
code, create symbol tables and so on - all of which may have to be undone, perhaps just tc
redone in a very slightly different way. In addition, backtracking makes the detection of mal
sentences more complicated. All in all, it is best avoided.

In other words, we should like to be able to confine ourselves to the daerafinistic parsing
methods, that is, ones where at each stage we can be sure of which production to apply ne
where, if we cannot find a production to use, we can be sure that the input string is malforrr

It might occur to the reader that some of these problems - including some real ones too, lik
Fortran example just given - could be resolved by looking ahead more than one symbol in t
string. Perhaps in our toy problem we should have been prepared to scan four symbols ahe
little more reflection shows that even this is quite futile. The language which this grammar
generates can be described by:

LG ={x"pIn>0,p€{y, 7}
or, if the reader prefers less formality:
"at least one, but otherwise as maig/in a row as you like, followed by a singter z*
We note that being prepared to look more than one terminal ahead is a strategy which can

well in some situations (Parr and Quong, 1996), although, like backtracking, it will clearly bt
difficult to implement.



9.2 Restrictionson grammars so asto allow LL (1) parsing

The top-down approach to parsing looks so promising that we should consider what restrici
have to be placed on a grammar so as to allow us to use the LL(1) approach (and its close
the method of recursive descent). Once these have been established we shall pause to cor
effects they might have on the design or specification of "real" languages.

A little reflection on the examples above will show that the problems arise when we have
alternative productions for the next (left-most) non-terminal in a sentential form, and should

the insight that thenitial symbols that can be derived from the alternative right sides of the
production for a given non-terminal must be distinct.

9.2.1 Terminal start sets, the FIRST function and L L (1) conditionsfor «-free grammars
To enhance the discussion, we introduce the concept tdrtinénal start symbols of a

non-terminal: the set FIRSA] of the non-terminah is defined to be the set of all terminals wit
which a string derived fror can start, that is

a€ FIRST(A) ifA=ta 9@AEN;a€eT;z€ (NUT))

e-productions, as we shall see, are a source of complication; for the moment we note that fc
unique production of the forA — ¢, FIRST@) = d.

In fact we need to go further, and so we introduce the related concept of the terminal start ¢
of a general strinjin a similar way, as the set of all terminals with wtjcr a string derived fro

£ can start, that is
as FIRSTE) ife="a @eT:E,c€ (NUT))

again with thead hoc rule that FIRSTd) = &. Note tha# is not a member of the terminal
vocabularyT, and that it is important to distinguish between FIFEBdid FIRSTA). The strinct

might consist of a single non- termim&lbut in general it might be a concatenation of several
symbols.

With the aid of these we may express a rule that easily allows us to determine wAfi@ean
grammar is LL(1):

Rulel
When the productions for any non-termiehdmit alternatives

Are 6] &,

but whereg, #>< for anyk, the sets of initial terminal symbols of all strings that can be
generated from each of thés must be disjoint, that is



generated from each of t§gs must be disjoint, that is
FIRST&_,J.) NFIRSTE) =@  forallj £k

If all the alternatives for a non-terminalwere simply of the form
‘gk:akgk @kET;ék1€kE (NUT)*)

it would be easy to check the grammar very quickly. All productions would have right-hand
starting with a terminal, and obviously FIR&E) = { & }.

It is a little restrictive to expect that we can write or rewrite all productions with alternatives
form. More likely we shall find several alternatives of the form

& = Bk

whereB, is another non-terminal. In this case to find FIREZ() we shall have to consider the
production rules foB,, and look at the first terminals which can arise from those (and so it gt
because there may be alternatives all down the line). All of these must be added to the set

FIRSTE,). Yet another complication arisesBf is nullable, that is, ifB, =" ¢, because in that ca
we have to add FIRSZ into the set FIRS¥() as well.

The whole process of finding the required sets may be summarized as follows:

® |[f the first symbol of the right-hand strilé_,g is a terminal, then FIRSE_,I’ko is of the form
FIRST@Z,), and then FIRSHE,) = { a }.

® If the first symbol of the right-hand stri€gis a non-terminal, then FIRE]) is of the form
FIRSTB,L,)- If B, is a non-terminal with the derivation rule

then

FIRSTE,) = FIRSTB,%,) = FIRST§, ) U FIRSTé,,) . . .U FIRST&,)

with the addition that if angy; is capable of generating the null string, then the set FERE
has to be included in the set FIRgJ @s well.

We can demonstrate this with another toy grammar, rather similar to the one of the last sec
Suppose we have

{
{

G
N
T={

x>z
< w-
(@)
-



S= A

P=
A — B (1)
A — C %)
B —* xB 3)
B —* y 4)
cC — xC (5)
cC —+* 2 (6)

This generates exciting sentences with any numbes ofollowed by a single or z. On looking a
the alternatives for the non-terminfalwe see that

FIRST(A,) = FIRST@) = FIRST{B) U FIRST() = { x,y}
FIRST(A,) = FIRSTC) = FIRSTKC) U FIRSTE) ={ x, 2}

so that Rule 1 is violated, as both FIRB)land FIRSTC) havex as a member.

9.2.2 Terminal successors, the FOLLOW function, and LL (1) conditionsfor non =-free
grammars

We have already commented thgaroductions might cause difficulties in parsing. Indeed, Rul
is not strong enough to detect another source of trouble, which may arise if such productior
used. Consider the grammar

G={ N, T, S, P}

N={ A, B}

T={ x, vy}

S= A

P=
A — Bx (1)
B — xy (2
B — = (@3

In terms of the discussion above, Rule 1 is satisfied. Of the alternatives for the non-tBrmima
see that

FIRST@®,) = FIRSTky) = x
FIRST®,) = FIRST¢) =@
which are disjoint. However, if we try to parse the stiivge may come unstuck

Sentential form
Sentential form

T 0n

= A Input string X
X Input string X

As we are working from left to right and have a non-terminal on the left we substit@&etdoget,
perhaps

Sentential form XYy X Input string X

which is clearly wrong. We should have used (3), not (2), but we had no way of telling this ¢
basis of looking at only the next terminal in the input.

This situation is called theull string problem, and it arises only for productions which can
generate the null string. One might try to rewrite the grammar so as tcgorouictions, but in
fact that is not always necessary, and, as we have commented, it is sometimes highly incol
With a little insight we should be able to see that if a non-terminal is nullable, we need to e»
the terminals that might legitimately follow it, before deciding that{meduction is to be applie
With this in mind it is convenient to define the#minal successors of a non-terminal as the set
of all terminals that can follow in any sentential form, that is



a€ FOLLOW(A) ifS="tAaz (A, S€EN;ae€T;¢,c€ (NUT)")

To handle this situation, we impose the further restriction
Rule 2
When the productions for a non-termidahdmit alternatives

A 6] &

and in particular wherg = ¢ for somek, the sets of initial terminal symbols of all
sentences that can be generated from each E)jftoej # k must be disjoint from the
set FOLLOW@Q) of symbols that may follow any sequence generated Aothat is

FIRSTE) N FOLLOW(A) =@,  j+k

or, rather more loosely,
FIRST(A) N FOLLOW(A) = @
where, as might be expected

FIRST(A) = FIRST¢,) U FIRSTE,) U . . . FIRSTE, )

In practical terms, the set FOLLOW)(is computed by considering every productiyof the
form

P, E_,k Ay
and forming the sets FIRJJ, when

FOLLOW(A) = FIRST¢,) U FIRSTE,) U .. . .UFIRSTE,)

with the addition that if angj is also capable of generating the null string, then the set
FOLLOW(P,) has to be included in the set FOLLOAy@s well.

In the example given earlier, Rule 2 is clearly violated, because
FIRST®,) = FIRST&y) = { x} = FOLLOW(B)

9.2.3 Further observations
It is important to note two points that may have slipped the reader’s attention:

® In the case where the grammar allewsoductions as alternatives, Rule 2 appilieaddition



to Rule 1. Although we stated Rule 1 as applicabeiee grammars, it is in fact a necess
(but not sufficient) condition thany grammar must meet in order to satisfy the LL(1)
conditions.

® FIRST is a function that may be applied to a string (in general) and to a non-terminal (
particular), while FOLLOW is a function that is applied to a non-terminal (only).

It may be worth studying a further example so as to explore these rules further. Consider tr
language defined by the grammar

G={ N T, S, P}
N={ A, B, C, D}
T={ w, X y z}
S= A
P=
A — BD| CB (1, 2)
B — x Bz| y | £ (3,4,5)
cC — w| z 6,7)
D —* x| z (8,9)

All four non-terminals admit to alternatives, adds capable of generating the empty stengule
1 is clearly satisfied for the alternative productionsEfo€ andD, since these alternatives all
produce sentential forms that start with distinctive terminals.

To check Rule 1 for the alternatives #requires a little more work. We need to examine the
intersection of FIRSTBD) and FIRSTCB).

FIRST(CB) is simply FIRSTC) ={w}u{z}={w,z}.

FIRST@®D) is not simply FIRSTB), sinceB is nullable. Applying our rules to this situation lead
the result that FIRSBD) = FIRSTB) U FIRSTD) = ({x}u{y})u({x}u{z})=

{x,y.z}

Since FIRSTCB) N FIRST@D) ={ z}, Rule 1 is broken and the grammar is non-LL(1). Just fi
completeness, let us check Rule 2 for the productiorB. fdfe have already noted that
FIRSTB) ={ x,y}. To compute FOLLOWBS) we need to consider all productions whBre
appears on the right side. These are productions (1), (2) and (3). This leads to the result th:

FOLLOW( B) = FIRST( D) (from the rule A —F BD)
L} FOLLOW( A) (from the rule A —F CB)
L) FIRST( 2) (from the rule B —* xBz)
={ x, z} Ug U{ z}={ x, z}

Since FIRSTB) M FOLLOW®B) ={ x,y} n {x,z}={ x}, Rule 2 is broken as well.

The rules derived in this section have been expressed in terms of regular BNF notation, an
have so far avoided discussing whether they might need modification in cases where the
productions are expressed in terms of the option and repetition (closure) metasymbols ([ ]
respectively). While it is possible to extend the discussion further, it is not really necessary,
theoretical sense, to do so. Grammars that are expressed in terms of these symbols are ec
rewritten into standard BNF by the introduction of extra non-terminals. For example, the sef
productions

Ao [E]Y
B—+c{¢}1



is readily seen to be equivalent to

A—aCy
B—+cD1
Coaée

DD |e

to which the rules as given earlier are easily applied (note that the productiisfoght
recursive). In effect, of course, these rules amount to saying for this example that

FIRSTE) N FIRSTY) = @
FIRSTE) N FIRSTY) = @

with the proviso that i¥ ort are nullable, then we must add conditions like

FIRSTE) N FOLLOW(A) = @

FIRSTE) N FOLLOWQB) = 9@
There are a few other points that are worth making before closing this discussion.
The reader can probably foresee that in a really large grammar one might have to make m
iterations over the productions in forming all the FIRST and FOLLOW sets and in checking
applications of all these rules. Fortunately software tools are available to help in this regard

reasonable LL(1) compiler generator like Coco/R must incorporate such facilities.

A difficulty might come about in automatically applying the rules to a grammar with which it
possible to derive the empty string. A trivial example of this is provided by

G={ N, T, S, P}
N={ A}
T={ x, y}
S= A
Aoy o
A X
A —F sy 2

Here the nullable non-terminAladmits to alternatives. In trying to determine FOLLG\WWve
should reach the uncomfortable conclusion that this was not really defined, as there are no
productions in whichA appears on the right side. Situations like this are usually handled by
constructing a so-callemigmented grammar, by adding a new terminal symbol (denoted, say
#), a new goal symbol, and a new single production. For the above example we would crea
augmented grammar on the lines of

G={ N, T, S, P}

N={ A B}

T={ x., y #}

S= B

P=
B —* A# (1)
A —F xy (2
A — ¢ @3

The new terminal # amounts to an explicit end-of-file or end-of-string symbol; we note that |
parsers and scanners must always be able to detect and react to an end-of-file in a sensibl
that augmenting a grammar in this way really carries no practical overheads.



9.2.4 Alternative formulations of the LL (1) conditions

The two rules for determining whether a grammar is LL(1) are sometimes found stated in o
ways (which are, of course, equivalent). Some authors combine them as follows:

Combined LL (1) Rule
A grammar is LL(1) if for every non-termindl that admits alternatives

A= 18] &,

the following holds

FIRSTE_,J- ° FOLLOW(A)) N FIRSTE, ° FOLLOW(A)) =3, j#k

where ° denotes "composition” in the mathematical sense. Here th@cjc%.sesindmj = care
combined - forxj +>" ¢ we have that FIRS’E_,'J(,, FOLLOW(A)) = FIRSTE_,J-), while forocj =" ¢ we
have similarly that FIRS‘EF ° FOLLOW(A)) = FOLLOW(A) .

Other authors conduct this discussion in terms of the concefptenfor sets. For every
non-terminalA that admits to alternative productions of the form

Aoy |a,|. ..k,

we define DSA, ) for each alternative to be the set which helps choose whether to use the
alternative; when the input string contains the termanaé choose, such tha € DS(A, «, ). The
LL(2) condition is then

DS(A, ;) N DS(A, mk) =@, j+Kk
The director sets are found from the relation

a€ DS(A «) if eithera€ FIRSTE,)  (ifx,#> ¢)
or a€ FOLLOW(A)  (ife,="¢)

Exer cises

9.1 Test the following grammar for being LL(1)

G={ N, T, S, P}

N={ A, B}

T={ w, X, vy, z}

S= A

P=
A — B( x| z)|( w| z) B
B —* xBz|{ y

9.2 Show that the grammar describing EBNF itself (section 5.9.1) is LL(1).



9.3 The grammar for EBNF as presented in section 5.9.1 does not allow an tplagipear in &
production, although the discussion in that section implied that this was often found in pract
What change could you make to the grammar to allow an inmgditst your resulting grammar st
LL(1)? If not, can you find a formulation thistLL(1)?

9.4 In section 8.7.2, constant declarations in Clang were described by the productions

Const Decl arations =" CONST OneConst { OneConst }.
OneConst = identifier " =" nunber "".

Is this part of the grammar LL(1)? What would be the effect if one were to factorize the grar

Const Decl arati ons =" CONST OneConst {" ;" OneConst }"
OneConst = identifier " =" nunber .

9.5 As a more interesting example of applying an analysis to a grammar expressed in EBN
consider how we might describe the theatrical production of a Shakespearian play with five
each act there may be several scenes, and in each scene appear one or more actors, who
and make speeches to one another (for the benefit of the audience, of course). Actors com
stage at the start of each scene, and come and go as the scene proceeds - to all intents an
between speeches - finally leaving at the end of the scene (in the Tragedies some may lea
but even these usually revive themselves in time to go home). Plays are usually staged wit|
interval between the third and fourth acts.

Actions like "speech”, "entry" and "exit" are really in the category of the lexical terminals wh
scanner (in the person of a member of the audience) would recognize as key symbols while
watching a play. So one description of such a staged play might be on the lines of

Play = Act Act Act "interval Act Act .
Act = Scene{ Scene}.
Scene = {"speech"} "entry" { Action}.

Act i on = "speech" | "entry" | "exit" | "death" | "gesticulation” .

This does not require all the actors to leave at the end of any scene (sometimes this does r
in real life, either). We could try to get this effect by writing

Scene = {"speech"} "entry" { Action}{"exit"}.

but note that this context-free grammar cannot force as many actors to leave as entered - i
computer language terms the reader should recognize this as the same problem as being t
specify that the number of formal and actual parameters to a procedure agree.

Analyse this grammar in detail. If it proves out to be non-LL(1), try to find an equivalems thai
LL(2), or argue why this should be impossible.

9.3 The effect of the LL (1) conditions on language design

There are some immediate implications which follow from the rules of the last section as re
language design and specification. Alternative right-hand sides for productions are very cor
we cannot hope to avoid their use in practice. Let us consider some common situations wh
problems might arise, and see whether we can ensure that the conditions are met.

Firstly, we should note that we cannot hope to transform every non-LL(1) grammar into an



equivalent LL(1) grammar. To take an extreme example, an ambiguous grammar must hav
parse trees for at least one input sentence. Healéy want to allow this we shall not be able to |
a parsing method that is capable of finding only one parse tree, as deterministic parsers mt
We can argue that an ambiguous grammar is of little interest, but the reader should not go
with the impression that it is just a matter of trial and error before an equivalent LL(1) grami
found for an arbitrary grammar.

Often a combination of substitution and re-factorization will resolve problems. For example,
almost trivially easy to find a grammar for the problematic language of section 9.1 which sa
Rule 1. Once we have seen the types of strings the language allows, then we easily see thi
have to do is to find productions that sensibly deal with leading strings, &iut delay introducin
y andz for as long as possible. This insight leads to productions of the form

A —F xA | C

cC — vy | z
Productions with alternatives are often found in specifying the kin8st&ment that a
programming language may have. Rule 1 suggests that if we wish to parse programs in suu
language by using LL(1) techniques we should design the language so that each statemen
begins with a different reserved keyword. This is what is attempted in several languages, b
not always convenient, and we may have to get round the problem by factorizing the gramr
differently.

As another example, if we were to extend the language of section 8.7 we might contemplat
introducingREPEAT loops in one of two forms

Repeat St at ement = " REPEAT St at enent Sequence " UNTIL" Condition
| " REPEAT St at enent Sequence " FOREVER.

Both of these start with the reserved wRabPEAT However, if we define

Repeat St at enent =" REPEAT St at enent Sequence Tai |l Repeat St at erment .

Tai | Repeat Statement = " UNTIL" Condition | " FOREVER.
parsing can proceed quite happily. Another case which probably comes to mind is providec
statements

St at ement = | f Statenent | QO her St at enent .

| f St at enent =" IF*" Condition " THEN Statenent

| " IF" Condition " THEN Staterment " ELSE' Statement .

Factorization on the same lines as forRE@EATIOOp is less successful. We might be tempted
try

St at enment = | f Statenent | O her St at enent . 1,2
| f St at enent =" IF" Condition " THEN Statenment |IfTail . (3)
| fTail =" ELSE' Statenent | £. (4, 5)

but then we run foul of Rule 2. The production|fidiail is nullable; a little reflection shows that

FIRST(" ELSE' Statement)={" ELSE'}

while to compute FOLLOWT(Tail) we consider the production (3) (which is whHfi&il appears
on the right side), and obtain

FOLLOW( IfTail) =FOLLOW( |IfStatenment) (production 3)
= FOLLOW( St at enment ) (production 1)

which clearly includegLSE



The reader will recognize this as the "dangling else" problem again. We have already rema
we can find ways of expressing this construct unambiguously; but in fact the more usual so
just to impose the semantic meaning thatHih&Ee is attached to the most recent unmatcheeN
which, as the reader will discover, is handled trivially easily by a recursive descent parser.
(Semantic resolution is quite often used to handle tricky points in recursive descent parsers
shall see.)

Perhaps not quite so obviously, Rule 1 eliminates the possibility of using left recursion to sg
syntax. This is a very common way of expressing a repeated pattern of symbols in BNF. Fc
example, the two productions

A— B|AB
describe the set of sequen&sBB , BBB ... . Their use is now ruled out by Rule 1, because

FIRST(A,) = FIRST(B)
FIRST(A,) = FIRST@B) = FIRST@) = FIRSTE) U FIRST(AB)
FIRST(A) N FIRSTA,) % @

Direct left recursion can be avoided by using right recursion. Care must be taken, as somet
resulting grammar is still unsuitable. For example, the productions above are equivalent to

A— B|BA
but this still more clearly violates Rule 1. In this case, the secret lies in deliberately introduc
extra non- terminals. A non-terminal which admits to left recursive productions will in gener.
two alternative productions, of the form

A— AX|Y
By expansion we can see that this leads to sentential forms like

Y, YX, YXX, YXXX

and these can easily be derived by the equivalent grammar

A—YZ
Z—e|XZ

The example given earlier is easily dealt with in this way by wrXirgY = B, that is

A—» BZ
Z—+¢|BZ

The reader might complain that the limitation on two alternative8 fertoo severe. This is not
really true, as suitable factorization can all§vandY to have alternatives, none of which start \
A. For example, the set of productions

A— Ab|Ac|d|e



can obviously be recast as

A— AX|Y
X—=+bjc
Y—+d|e

(Indirect left recursion, for example

A—B
B—+C...
C—+A...

is harder to handle, and is, fortunately, not very common in practice.)

This might not be quite as useful as it first appears. For example, the problem with
Expression = Expression " -" Term| Ter m.
can readily be removed by using right recursion

Expression = Term Rest Expression.
Rest Expression = gl -" Term RestExpression.

but this may have the side-effect of altering the implied order of evaluationEspeession. For
example, adding the productions

Term =" x" " y" " z".

to the above would mean that with the former productioexpression, a string of the form
X- y- zwould be evaluated az{ y) - z With the latter production it might be evaluated as
X- (Y- 2), which would result in a very different answer (uniessere zero).

The way to handle this situation would be to write the parsing algorithms to use iteration, as
introduced earlier, for example

Expression = Term{" -" Term}.

Although this is merely another way of expressing the right recursive productions used abo
may be easier for the reader to follow. It carries the further advantage of more easily retaini
left associativity which the-™ terminal normally implies.

It might be tempting to try to use such iteration to remove all the problems associated with
recursion. Again, care must be taken, since this action often impliesptitatuctions either
explicitly or implicitly enter the grammar. For example, the construction

A—{B}
actually implies, and can be written

A—:|BA
but can only be handled if FIREH)(" FOLLOW(A) = &. The reader might already have realiz

that all our manipulations to handipression would come to naught if " could follow
Expression in other productions of the grammar.



Exercises

9.6 Determine the FIRST and FOLLOW sets for the following non-terminals of the gramma
defined in various ways in section 8.7, and comment on which formulations may be parsed
LL(1) techniques.

Block
ConstDeclarations
VarDeclarations
Satement
Expression

Factor

Term

9.7 What are the semantic implications of using the productions suggested in section 8.4 fc
.. THEN andIF ... THEN ... ELSE statements?

9.8 Whether to regard the semicolon as a separator or as a terminator has been a matter o
controversy. Do we need semicolons at all in a language like the one suggested in section
to write productions for a version of the language where they are simply omitted, and check
whether the grammar you produce satisfies the LL(1) conditions. If it does not, try to modify
grammar until it does satisfy these conditions.

9.9 A close look at the syntax of Pascal, Modula-2 or the language of section 8.7 shows the
e-production is allowed fo®atement. Can you think of any reasons at all why one should not
simply forbid empty statements?

9.10 Write down a set of productions that describes the formrriratiteral constants may assu
in Pascal, and check to see whether they satisfy the LL(1) conditions. Repeat the exexEise
literal constants in Modula-2 and fitwat  literals in G+ (surprisingly, perhaps, the grammars
different).

9.11 In a language like Modula-2 or Pascal there are two classes of statements that start w
identifiers, namely assignment statements and procedure calls. Is it possible to find a gram
allows this potential LL(1) conflict to be resolved? Does the problem arise+ih C

9.12 A full description of C or & is not possible with an LL(1) grammar. How large a subset
these languages could one describe with an LL(1) grammar?

9.13 G+ and Modula-2 are actually fairly close in many respects - both are imperative, botr
the same sorts of statements, both allow user defined data structures, both have functions
procedures. What features of{Omake description in terms of LL(1) grammars difficult or
impossible, and is it easier or more difficult to describe the corresponding features in Modu
Why?

9.14 Why do you suppose-Ehas so many levels of precedence and the rules it does have f
associativity? What do they offer to a programmer that Modula-2 might appear to withhold?
Modula-2 really withhold these features?

9.15 Do you suppose there may be any correlation between the difficulty of writing a gramn



language (which programmers do not usually try to do) and learning to write programs in th
language (which programmers often do)?

Further reading

Good treatments of the material in this chapter may be found at a comprehensible level in t
by Wirth (1976b, 1996), Welsh and McKeag (1980), Hunter (1985), Gough (1988), Rechen
and Mossenbock (1989), and Tremblay and Sorenson (1985). Pittman and Peters (1992) h
good discussion of what can be done to transform non-LL(k) grammars into LL(k) ones.

Algorithms exist for the detection and elimination of useless productions. For a discussion (
the reader is referred to the books by Gough (1988), Rechenberg and Méssenbéck (1989),
Tremblay and Sorenson (1985).

Our treatment of the LL(1) conditions may have left the reader wondering whether the proc
checking them - especially the second one - ever converges for a grammar with anything lil
number of productions needed to describe a real programming language. In fact, a little tho
should suggest that, even though the number of sentences which they can generate might
infinite, convergence should be guaranteed, since the number of productions is finite. The |
of checking the LL(k) conditions can be automated, and algorithms for doing this and furthe
discussion of convergence can be found in the books mentioned above.



Compilers and Compiler Generators © P.D. Terry, 2000

10 PARSER AND SCANNER CONSTRUCTION

In this chapter we aim to show how parsers and scanners may be synthesized once approj
grammars have been written. Our treatment covers the manual construction of these impor
components of the translation process, as well as an introduction to the use of software toc
help automate the process.

10.1 Construction of smplerecursive descent parsers

For the kinds of language that satisfy the rules discussed in the last chapter, parser constrt
turns out to be remarkably easy. The syntax of these languages is governed by production
the form

non-termina— allowable string
where the allowable string is a concatenation derived from

® the basic symbols or terminals of the language
® other non-terminals
® the actions of meta-symbols such as{},[], and | .

We express the effect of applying each production by writing a procedwaddunction in C++
terminology) to which we give the name of the non-terminal that appears on its left side. Th
purpose of this routine is to analyse a sequence of symbols, which will be supplied on requ
a suitable scanner (lexical analyser), and to verify that it is of the correct form, reporting err
is not. To ensure consistency, the routine corresponding to any non-te®minal

® may assume that it has been calfitdr some (globally accessible) varialdgm has been
found to contain one of the terminals in FIRST(

® will then parse a complete sequence of terminals which can be derive§, freporting an
error if no such sequence is found. (In doing this it may have to call on similar routines
handle sub-sequences.)

® will relinquish parsing after leavingym with the first terminal that it finds which cannot b
derived fromS that is to say, a member of the set FOLL@&N(

The shell of each parsing routine is thus

PROCEDURE S;
(* S —® string *)
BEG N
(* we assert Sym € FIRST(S) *)
Parse(string)
(* we assert Sym € FOLLONS) *)
END S;

where the transformatidParse(string) is governed by the following rules:



(a) If the production yields a single terminal, then the actidPaode is to report an error if an
unexpected terminal is detected, or (more optimistically) to accept it, and then to scan to th
symbol.

Parse (terninal) —F
I F | sExpected(term nal)
THEN Get ( Sym)
ELSE ReportError
END

(b) If we are dealing with a "single" production (that is, one of the #eB), then the action of
Parseis a simple invocation of the corresponding routine

Par se( Si ngl eProduction A) —* B

This is a rather trivial case, just mentioned here for completeness. Single productions do nc
need special mention, except where they arise in the treatment of longer strings, as discus:

(c) If the production allows a number of alternative forms, then the action can be expressec
selection

Parse (o, | &, | ... &,) —*
CASE Sym OF
FIRST(, ) : Parse(f; );
FIRST(, ) : Parse(, );

FIRST(L, ) : Parse(t, )
END

in which we see immediately the relevance of Rule 1. In fact we can go further to see the re
of Rule 2, for to the above we should add the action to be taken if one of the alternsPaese
empty. Here we do nothing to advar@en - an action which must lea®m, as we have seen, a
one of the set FOLLOVY - so that we may augment the abavéhis case as

Parse (&, | ©, | ... &, | €) —*
CASE Sym OF
FIRST(t, ) : Parse(f; );
FIRST(%, ) : Parse(t, );

FIRST(,, ) : Parse(, );

FOLLONS) : (* do nothing *)
ELSE ReportError
END

(d) If the production allows for a nullable option, the transformation involves a decision

Parse ( [ &£ ] ) —F
IF Sym € FIRST(f) THEN Parse(f) END

(e) If the production allows for possible repetition, the transformation involves a loop, often
form

Parse ( { oL} ) —*
VWH LE Sym € FIRST(ft) DO Parse(f) END

Note the importance of Rule 2 here again. Some repetitions are of the form
S —+ o { o)}

which transforms to

Parse(ft); WHILE Sym € FIRST() DO Parse(ft) END



On occasions this may be better written

REPEAT Parse(ft) UNTIL Sym & FI RST(t)

(f) Very often, the production generates a sequence of terminal and non-terminals. The acti
then a sequence derived from (a) and (b), namely

Parse (&, ©, ... & ) —*
Parse(tt, ); Parse(t, ); ... Parse(&,)

10.2 Case studies
To illustrate these ideas further, let us consider some concrete examples.

The first involves a rather simple grammar, chosen to illustrate the various options discusse

G={N, T, S, P}
N={A, B, C, D}
To o e ] RS E R
S=A
P =
630 c B
A a
A | ( ) [ [ |
D —+* { "+ B}

We first check that this language satisfies the requirements for LL(1) parsing. We can easil
that Rule 1 is satisfied. As before, in order to apply our rules more easily we first rewrite the
productions to eliminate the EBNF metasymbols:

A — B "." (1)

B —b "a" | (" Cc ™' | [ B "" | € (2 3 4 5
C — BD (6)

D —» "+ B D | € (7, 8)

The only productions for which there are alternatives are thoedondD, and each non-nullable
alternative starts with a different terminal. However, we must continue to check Rule 2. We
thatB andD can both generate the null string. We readily compute

FIRST@) ={"a","(", "["}
FIRSTD) ={"+"}

The computation of the FOLLOW sets is a little trickier. We need to compute FOLBJOAM{
FOLLOW(D).

For FOLLOWQ) we use the rules of section 9.2. We check productions that generate strinc
forme D {. These are the ones 16r(6) and forD (7). Both of these hau@ as their rightmost

symbol; (7) in fact tells us nothing of interest, and we are lead to the result that
FOLLOW(D) = FOLLOW(EC) ={")"}.
(FOLLOW(C) is determined by looking at production (3)).

For FOLLOW@) we check productions that generate strings of the &dBra These are the one:
for A (1) andC (6), the third alternative fds itself (4), and the first alternative fbr (7). This



seems to indicate that
FOLLOW(@B) ={".","1"} UFIRSTD) ={ " , "1", "+"}

We must be more careful. Since the productiorDf@an generate a null string, we must augme
FOLLOW(B) by FOLLOW() to give

FOLLOW®B) ={"","1","+"yu{""y={"", "1", """, """}

Since FIRSTB) N FOLLOW(B) = @ and FIRSTD) n FOLLOW(D) = @, Rule 2 is satisfied for
both the non-terminals that generate alternatives, both of which are nullable.

A C++ program for a parser follows. The terminals of the language are all single characters
we do not have to make any special arrangements for character handling (aysiripe
function call suffices) or for lexical analysis.

The reader should note that, because the grammar is strictly LL(1), the function that parses
non-terminaB may discriminate between the genuine followerB (thereby effectively
recognizing where theeproduction needs to be applied) and any spurious followdésgwhich
would signal a gross error in the parsing process).

Si mpl e Recursive Descent Parser for the |anguage defined by the gramar
{ N, T, S, P}

11

11 G =

11 N={A, B, C, D}

I T={ e
11 S = A

11 P =

11 A = B"." .

I B = "a | "("c"H' | "["B"l
11 C = BD.

1l D = { "+ B} .

11

P.D. Terry, Rhodes University, 1996

#i ncl ude <stdi o. h>
#i ncl ude <stdlib. h>

char sym // Source token

voi d get sym(voi d)
{ sym= getchar(); }

voi d accept(char expectedterm nal, char *errornessage)
{ if (sym!= expectedtermnal) { puts(errornessage); exit(1); }
) getsyn();

void A(void); [/ prototypes
void B(void);
void C(void);
void D(void);

voi d A(void)
/I A=B"." .
{ B(); accept(’.’, " Error - '.' expected"); }

{ switch (sym
{ case "a’:

voi d B(void)
/1l ngn

N G O L e - 2

getsym(); break;
case ' (':
getsym(); C(); accept(')’, " Error - ')’ expected"); break;
case '[':
getsym(); B(); accept(']', " Error - ']’ expected"); break;
case ')':
case ']’':
case ' +':
case '.':
break; // no action for followers of B
defaul t:



printf("Unknown synbol\n"); exit(1);

}

void C(void)
// C=BD.
{ BO: DO }

voi d D(voi d)
/1 D = {"+" B} .
{ while (sym=="+") { getsym(); B(); } }

voi d main()
{ sym= getchar(); A();
printf("Successful\n");

Some care may have to be taken with the relative ordering of the declaration of the functior
in this example, and in general, are recursive in nature. (These problems do not occur if the
functions have "prototypes" like those illustrated here.)

It should now be clear why this method of parsing is cademuirsive Descent, and that such
parsers are most easily implemented in languages which directly support recursive progran
Languages like Modula-2 andr€are all very well suited to the task, although they each have
own particular strengths and weaknesses. For example, in Modula-2 one can take advanta
other organizational strategies, such as the use of nested procedures (which are not permi
or CG++), and the very tight control offered by encapsulating a parser in a module with a very
interface (only the routine for the goal symbol need be exported), whilerinori@ can take
advantage of OOP facilities (both to encapsulate the parser with a thin public interface, anc
create hierarchies of specialized parser classes).

A little reflection shows that one can often combine routines (this corresponds to reducing t
number of productions used to define the grammar). While this may produce a shorter prog
precautions must be taken to ensure that the grammars, and any implicit semantic overtone
truly equivalent. An equivalent grammar to the above one is
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leading to a parser

/1 Sinple Recursive Descent Parser for the sane | anguage
/1 using an equival ent but different grammar

/1 P.D. Terry, Rhodes University, 1996

#i ncl ude <stdio. h>

#include <stdlib. h>

char sym // Source token

voi d get sym(voi d)
{ sym = getchar(); }

voi d accept(char expectedterm nal, char *errornessage)
{ if (sym!= expectedtermnal) { puts(errornessage); exit(1); }
) getsyn();

voi d B(void)
/I B="a” | (" B{"+ B}")" | "["B"]" |
{ switch (sym
{ case "a':
getsym(); break;
case '(':
getsynm(); B(); while (sym=="+") { getsyn(); B(); }



accept(')’, " Error - ')’ expected"); break;
case '[':
getsym(); B(); accept(']’, " Error - ']’ expected"); break;
case ')':
case ']’':
case ' +':
case '.':
br eak; /1 no action for followers of B
defaul t:
printf("Unknown synbol\n"); exit(1);

}

voi d A(void)
I A=B"." .
{ B(); accept(’.’, " Error - '.’ expected"); }

voi d mai n(voi d)
{ sym = getchar(); A();
printf("Successful\n");

Although recursive descent parsers are eminently suitable for handling languages which se
LL(1) conditions, they may often be used, perhaps with simple modifications, to handle lanc
which, strictly, do not satisfy these conditions. The classic example of a situation like this is
provided by theF ... THEN ... ELSE statement. Suppose we have a language in which
statements are defined by

St at enment
| f St at ement

IfStatenent | OherStatenment .
"IF* Condition "THEN' Statement [ "ELSE' Statenent ] .

which, as we have already discussed, is actually ambiguous as it stands. A grammar define
this is easily parsed deterministically with code like

void Statenent(void); // prototype

voi d O her St at enent (voi d) ;
/1 handl e parsing of other statenent - not necessary to show this here

voi d | fStatenent (void)

{ getsym(); Condition();
accept (thensym " Error - 'THEN expected");
Statenent();
if (sym== elsesym) { getsym(); Statenent(); }

voi d Statenent(void)
{ switch(sym
{ case ifsym: IfStatenent(); break;
default : O her St atement (); break;
}
}

The reader who cares to trace the function calls for an input sentence of the form

IF Condition THEN |F Condition THEN OherStatement ELSE O her Statenent

will note that this parser has the effect of recognizing and handlisgsaclause as soon as it ¢
- effectively forcing arad hoc resolution of the ambiguity by coupling eagtlsE to the closest
unmatchedHeEN. Indeed, it would be far more difficult to design a parser that implemented tt
other possible disambiguating rule - no wonder that the semantics of this statement are tho
correspond to the solution that becomes easy to parse!

As a further example of applying the LL(1) rules and considering the corresponding parsers
consider how one might try to describe variable designators of the kind found in many lang
denote elements of record structures and arrays, possibly in combination, for eXanpl®) .
One set of productions that describes some (although by no means all) of these constructic
appear to be:



Desi gnat or = identifier Qualifier . (1)

Qualifier = Subscript | FieldSpecifier . (2, 3)
Subscri pt = "[" Designator "]" | £ . (4, 5)
Fi el dSpecifier = "." Designator | £ . (6, 7)

This grammar is not LL(1), although it may be at first difficult to see this. The production for
Qualifier has alternatives, and to check Rule 1 for productions 2 and 3 we need to consider
FIRSTQualifier,) and FIRSTQualifier,). At first it appears obvious that

FIRSTQualifier;) = FIRST@ubscript ) = {"[" }

but we must be more caref@ubscript is nullable, so to find FIRSQualifier ;) we must augmen

this singleton set with FOLLOV®(bscript). The calculation of this requires that we find
productions withSubscript on the right side - there is only one of these, production (2). From
we see that FOLLOVUbscript) = FOLLOW (Qualifier), which from production (1) is
FOLLOW(Designator). To determine FOLLOW@esignator) we must examine productions (4)
and (6). Only the first of these contributes anything, namely {."Thus we eventually conclude
that

FIRSTQualifier) ={"[","1" }.

Similarly, the obvious conclusion that
FIRSTQualifier,) = FIRSTEieldSpecifier) = { "." }

is also too naive (sindeeldSpecifier is also nullable); a calculation on the same lines leads tc
result that

FIRSTQualifier,) ={".","]"}

Rule 1 is thus broken; the grammar is not LL(1).

The reader will complain that this is ridiculous. Indeed, rewriting the grammar in the form

Desi gnat or = identifier Qualifier . (1)
Qualifier = Subscript | FieldSpecifier | £ . (2, 3, 4)
Subscri pt = "[" Designator "]" . (5)
Fi el dSpecifier = "." Designator . (6)

leads to no such transgressions of Rule 1, or, indeed of Rule 2 (readers should verify this t
own satisfaction). Once again, a recursive descent parser is easily written:

voi d Designator(void); // prototype

voi d Subscri pt(void)
{ getsym(); Designator(); accept(rbracket, " Error - ']’ expected"); }

voi d Fi el dSpeci fier(void)
{ getsym(); Designator(); }

void Qualifier(void)
{ switch(sym
{ case | bracket : Subscript(); break;
case period : FieldSpecifier(); break;
case rbracket : break; // FOLLONQualifier) is enpty
default : printf("Unknown synbol\n"); exit(1);

}

voi d Desi gnat or (voi d)



{ accept(identifier, " Error - identifier expected");
Qualifier();
}

In this case there is an easy, if not even obvious way to repair the grammar, and to develog
parser. However, a more realistic version of this problem leads to a situation that cannot as
resolved. In Modula-2 Besignator is better described by the productions

Desi gnat or = Qalifiedldentifier { Selector } .
Qualifiedldentifier = identifier { "." identifier } .
Sel ect or = identifier | "[" Expression "]" | "A"

It is left as an exercise to demonstrate that this is not LL(1). It is left as a harder exercise to
a formal conclusion that one cannot find an LL(1) grammar that des€rdsagator
unambiguously. The underlying reason is that "." is used in one context to separate a modt
identifier from the identifier that it qualifies (as$nanner. SYM and in a different context to
separate a record identifier from a field identifier (asvim Nane). When these are combined (a:
Scanner . SYM Nane) the problem becomes more obvious.

The reader may have wondered at the fact that the parsing methods we have advocated al
"ahead", and never seem to make use of what has already been achieved, that is, of inforn
which has become embedded in the previous history of the parse. All LL(1) grammars are,
course, context-free, yet we pointed out in Chapter 8 that there are features of programmin
languages which cannot be specified in a context-free grammar (such as the requirement tl
variables must be declared before use, and that expressions may only be formed when teri
factors are of the correct types). In practice, of course, a parser is usually combined with a
analyser; in a sense some of the past history of the parse is recorded in such devices as s)
tables which the semantic analysis needs to maintain. The example given here is not as se
may at first appear. By making recourse to the symbol table, a Modula-2 compiler will be at
resolve the potential ambiguity in a static semantic way (rather tharathree syntactic way as
done for the "dangling else" situation).

Exercises

10.1 Check the LL(1) conditions for the equivalent grammar used in the second of the prog
above.

10.2 Rework Exercise 10.1 by checking the director sets for the productions.

10.3 Suppose we wished the language in the previous example to be such that spaces in tl
file were irrelevant. How could this be done?

10.4 In section 8.4 an unambiguous set of productions was given far the THEN ... ELSE
statement. Is the corresponding grammar LL(1)? Whatever the outcome, can you construct
recursive descent parser to handle such a formulation of the grammar?

10.3 Syntax error detection and recovery

Up to this point our parsers have been content merely to stop when a syntactic error is dete
the case of a real compiler this is probably unacceptable. However, if we modify the parser



above so as simply not to stop after detecting an error, the result is likely to be chaotic. The
process will quickly get out of step with the sequence of symbols being scanned, and in all
likelihood will then report a plethora of spurious errors.

One useful feature of the compilation technique we are using is that the parser can detect ¢
syntactically incorrect structure after being presented with its first "unexpected” terminal. Tt
not necessarily be at the point where the error really occurred. For example, in parsing the

BEGNIF A>6 DOB :=2; C:=5 END END

we could hope for a sensible error message \wbes found wher@HeN is expected. Even if
parsing does not get out of step, we would get a less helpful message when thenzsofwdind
- the compiler can have little idea where the missi&@ N should have been.

A production quality compiler should aim to issue appropriate diagnostic messages for all tl
"genuine” errors, and for as few "spurious" errors as possible. This is only possible if it can
some likely assumption about the nature of each error and the probable intention of the aut
it skips over some part of the malformed text, or both. Various approaches may be made tc
handling the problem. Some compilers go so far as to try to correct the error, and continue
produce object code for the program. Error correction is a little dangerous, except in some -
cases, and we shall discuss it no further here. Many systems confine themselves to aterop
recovery, which is the term used to describe the process of simply trying to get the parser b
step with the source code presented to it. The art of doing this for hand-crafted compilers is
intricate, and relies on a mixture of fairly well defined methods and intuitive experience, bot
the language being compiled, and with the class of user of the same.

Since recursive descent parsers are constructed as a set of routines, each of which tackles
on behalf of its caller, a fairly obvious place to try to regain lost synchronization is at the ent
and exit from these routines, where the effects of getting out of step can be confined to exa
small range of known FIRST and FOLLOW symbols. To enforce synchronization at the ent
the routine for a non-termin&we might try to employ a strategy like

IF Sym & FIRST(S) THEN
ReportError; SkipTo(FIRST(S))
END

whereSkipTo is an operation which simply calls on the scanner until it returns a val8gnfidhat
is a member of FIRSH. Unfortunately this is not quite adequate - if the leading terminal has
omitted we might then skip over symbols that should be processed later, by the routine whi
S

At the exit fromS, we have postulated th&m should be a member of FOLLOW( This set may
not be known t&, but it should be known to the routine which c&8liso that it may conveniently
be passed t8 as a parameter. This suggests that we might employ a strategy like

IF Sym® FOLLONS) THEN
ReportError; Ski pTo(FOLLONYS))
END

The use of FOLLOWY) also allows us to avoid the danger mentioned earlier of skipping too
routine entry, by employing a strategy like

IF Sym % FIRST(S) THEN
ReportError; Ski pTo(FIRST(S) | FOLLONYS))
END;

IF SYM Sym € FIRST(S) THEN



Parse(S);

IF SYM Sym ¥ FOLLONS) THEN
Report Error; SkipTo(FOLLONS))
END
END

Although the FOLLOW set for a non-terminal is quite easy to determine, the legitimate follo
may itself have been omitted, and this may lead to too many symbols being skipped at rout
To prevent this, a parser using this approach usually passes to each subfpaleercs
parameter, which is constructed so as to include

® the minimally correct set FOLLOVY, augmented by

® symbols that have already been passdebswersto the calling routine (that is, later
followers), and also

® so-calledbeacon symbols, which are on no account to be passed over, even though the
presence would be quite out of context. In this way the parser can often avoid skippin
sections of possibly important code.

On return from sub-pars&we can then be fairly certain tHatm contains a terminal which was
either expected (if it is in FOLLOVY), or can be used to regain synchronization (if it is one o
beacons, or is in FOLLOV@aller(S). The caller may need to make a further test to see whicl
these conditions has arisen.

In languages like Modula-2 and Pascal, where set operations are directly supported, impler
this scheme is straightforward+€does not have "built-in" set types. Their implementation in
terms of a template class is easily achieved, and operator overloading can be put to good €
interface to such a class, suited to our applications in this text, can be defined as follows

tenpl ate <int nmaxEl enr

Set operator * (const Set &s)

Set operator - (const Set &s)

Set operator / (const Set &s)
private:

unsi gned char bits[(maxElem + 8) / 8];

int length;

int wd(int i);

int bitmask(int i);

void clear();

Intersection with s ( AND)
Difference with s
Symmetric difference with s (XOR)

class Set { /1 { 0.. maxElem}
publi c:

Set (); /'l Construct { }

Set (int el); /1 Construct { el }

Set(int el, int e2); /1 Construct { el, e2}

Set(int el, int e2, int e3); /1 Construct { el, e2, e3

Set(int n, int e[]); /1 Construct { e[0] .. e[n-1] }

void incl(int e); /'l Include e

void excl (int e); /1 Exclude e

int nmenb(int e); /'l Test menbership for e

Set operator + (const Set &s) /1 Union with s (OR)
/1
/1
/1

b

The implementation is realized by treating a large set as an array of small bitsets; full detall
can be found in the source code supplied on the accompanying diskette and in Appendix B

Syntax error recovery is then conveniently implemented by defining functions on the lines c

typedef Set<l astDefi nedSyn> synset;

voi d accept (syntypes expected, int errorcode)
{ if (Sym== expected) getsyn(); else reporterror(errorcode); }

voi d test(synset allowed, synset beacons, int errorcode)
{ if (allowed. menb(Sym)) return;



reporterror(errorcode);
synset stopset = allowed + beacons;
while (!stopset. menb(Sym) getsym();

where we note that the amendedept routine does not try to regain synchronization in any w
The way in which these functions could be used is exemplified in a routine for handling vari
declarations for Clang:

voi d VarDecl arati ons(synmset followers);

/1 VarDeclarations = "VAR' OneVar { "," OnevVar } ";" .
{ getsym(); /] accept "var"
test(synset(identifier), followers, 6); // FIRST(OneVar)
if (Sym==identifier) /]l we are in step
{ OneVar (symnset(comra, sem colon) + followers);
whil e (Sym == comm) /1 nore variables foll ow

{ getsym(); OneVar(synset(comm, senicolon) + followers); }
accept (sem col on, 2);
test(foll owers, symset(), 34);

}

Thef ol | ower s passed t@ar Decl ar at i ons should include as "beacons" the elements of
FIRST&atement) - symbols which could start@atement (in caseBEG N was omitted) - and the
symbol which could follow &8lock (period, and end-of-file). Hence, calliigr Decl ar at i ons
might be done from withisl ock on the lines of

if (Sym== varsym
Var Decl arations(FirstBlock + FirstStatenent + followers);
Too rigorous an adoption of this scheme will result in some spurious errors, as well as an e
loss resulting from all the set constructions that are needed. In hand-crafted parsers the ide
often adapted somewhat. As mentioned earlier, one gains from experience when dealing w
learners, and some concession to likely mistakes is, perhaps, a good thing. For example, b
are likely to confuse operators like=", "=" and '==", and alsorHEN andDO after| F, and these m:
call for special treatment. As an example of such an adaptation, consider the following vari:
the above code, where the parser will, in effect, handle variable declarations in which the s
commas have been omitted. This is strategically a good idea - variable declarations that ar
properly processed are likely to lead to severe difficulties in handling later stages of a comg

voi d Var Decl arati ons(synset followers);
/] VarDeclarations = "VAR' OneVar { "," OneVar
{ getsym() _ o
test(synset(identifier), followers, 6);
if (Sym== identifier)
{ OneVar (synset(conmma, sem colon) + followers);
while (Sym== comma || Sym==identifier) // only conma is |egal
{ accept(comm), 31); OneVar(synset(conmma, sem colon) + followers); }
accept (sem col on, 2);
test(foll owers, synset(), 34);
}
}

Clearly it is impossible to recover from all possible contortions of code, but one should gual
against the cardinal sins of not reporting errors when they are present, or of collapsing corr

when trying to recover from an error, either by giving up prematurely, or by getting the pars
caught in an infinite loop reporting the same error.

p o
/ accept "var"

/" FI RST(OneVar)
/ we are in step

~—

Exercises

10.5 Extend the parsers developed in section 10.2 to incorporate error recovery.



10.6 Investigate the efficacy of the scheme suggested for parsing variable declarations, by
the way in which parsing would proceed for incorrect source code such as the following:

VAR A BC, , D E F

Further reading

Error recovery is an extensive topic, and we shall have more to say on it in later chapters. (
treatments of the material of this section may be found in the books by Welsh and McKeag
Wirth (1976b), Gough (1988) and Elder (1994). A much higher level treatment is given by
Backhouse (1979), while a rather simplified version is given by Brinch Hansen (1983, 1985
Papers by Pemberton (1980) and by Topor (1982), Stirling (1985) and Grosch (1990b) are
worth exploring, as is the bibliographical review article by van den Bosch (1992).

10.4 Construction of simple scanners

In a sense, a scanner or lexical analyser may be thought of as just another syntax analyset
handles a grammar with productions relating non-terminals suderdidier, number andRelop to
terminals supplied, in effect, as single characters of the source text. When used in conjunct
a higher level parser a subtle shift in emphasis comes about: there is, in effect, no special ¢
symbol. Each invocation of the scanner is very much bottom-up rather than top-down; its te
when it has reduced a string of characters to a token, without preconceived ideas of what tl
should be. These tokens or non-terminals are then regarded as terminals by the higher leve
recursive descent parser that analyses the phrase strudBloekpSatement, Expression and so
on.

There are at least five reasons for wishing to decouple the scanner from the main parser:
® The productions involved are usually very simple. Very often they amount to regular
expressions, and then a scanner may be programmed without recourse to methods lit
recursive descent.

® A symbol like andentifier is lexically equivalent to a "reserved word"; the distinction me
sensibly be made as soon as the basic token has been synthesized.

® The character set may vary from machine to machine, a variation easily isolated in thi

® The semantic analysis of a numeric literal constant (deriving the internal representatio
value from the characters) is easily performed in parallel with lexical analysis.

® The scanner can be made responsible for screening out superfluous separators, like t
comments, which are rarely of interest in the formulation of the higher level grammar.

In common with the parsing strategy suggested earlier, development of the routine or funct
responsible for token recognition

® may assume that it is always calkdter some (globally accessible) varial@el has been
found to contain the next character to be handled in the source



® will then read a complete sequence of characters that form a recognizable token

® will relinquish scanning after leavir@H with the first character that does not form part o
this token (so as to satisfy the precondition for the next invocation of the scanner).

A scanner is necessarily a top-down parser, and for ease of implementation it is desirable t
productions defining the token grammar also obey the LL(1) rules. However, checking thes
much simpler, as token grammars are almost invariably regular, and do not display self-em
(and thus can be almost always easily be transformed into LL(1) grammars).

There are two main strategies that are employed in scanner construction:

® Rather than being decomposed into a set of recursive routines, simple scanners are c
written in anad hoc manner, controlled by a largase or swi t ch statement, since the
essential task is one of choosing between a number of tokens, which are sometimes
distinguishable on the basis of their initial characters.

® Alternatively, since they usually have to read a number of characters, scanners are of
written in the form of dinite state automaton (FSA) controlled by a loop, on each iteratic
of which a single character is absorbed, the machine moving between a number of "st
determined by the character just read. This approach has the advantage that the cons
can be formalized in terms of an extensively developed automata theory, leading to
algorithms from which scanner generators can be constructed automatically.

A proper discussion of automata theory is beyond the scope of this text, but in the next sec
shall demonstrate both approaches to scanner construction by means of some case studie

10.5 Case studies

To consider a concrete example, suppose that we wish to extend the grammar used for eal
demonstrations into one described in Cocol as follows:

COWPI LER A
CHARACTERS
digit = "0123456789" .
letter = "abcdefgefghijkl mopgrstuvwyz" .
TOKENS
nunber
identifier
PRODUCTI ONS
A=B"." .
identifier | number | "(" C")" | "(." B".)" | .
B D.
{ "+" B} .

digit { digit } .
"a" { letter } .

Ow
1w nn

D
END A

Combinations likg . and.) are sometimes used to represent the brackets [ and ] on machin
limited character sets. The tokens we need to be able to recognize are definable by an enu

TOKENS = { nunber, |brack, Iparen, rbrack, rparen, plus, period, identifier }

It should be easy to see that these tokens are not uniquely distinguishable on the basis of t
leading characters, but it is not difficult to write a set of productions for the token grammar t
obeys the LL(1) rules:



t oken

= digit { digit } (* nunber *)
tCL ] (* Iparen,

I

I LM (* period,

[ ™) (* rparen *)

| e (* plus *)

| "a" { letter } (* identifier *)

from which anad hoc scanner algorithm follows very easily on the lines of

TOKENS FUNCTI ON Get Sym

(* Preco
Post c
BEG N

I gno

ndition: CH is already available
ondition: CHis left as the character follow ng token *)

reComment sAndSepar at or s

CASE CH OF

a

"0

"

REPEAT Get(CH) UNTIL CH & [’ &

RETURN i dentifier;
) Ty -

REPEAT Get (CH) UNTIL CH & [0’

RETURN nunber

Get (CH) ;

IF CH=".
THEN Get (CH); RETURN | brack
ELSE RETURN | par en

END;

et (CH);

T+

END
END

IFCH=")"
THEN Get (CH); RETURN rbrack
ELSE RETURN peri od

END;

Get (CH); RETURN pl us

GEi(CH); RETURN r par en

Get (CH); RETURN unknown

A characteristic feature of this algorithm - and of most scanners constructed in this way - is
they are governed by a selection statement, within the alternatives of which one frequently
loops that consume sequences of characters. To illustrate the FSA approach - in which the
algorithm is inverted to be governed by a single loop - let us write our grammar in a slightly
different way, in which the comments have been placed to reflect the state that a scanner c

thought to possess at the point where a character has just been read.

t oken

unknown *) digit (* nunber *) { digit (* nunber *) }
*) " (* "o (* lbrack *) ]
")" (* rbrack *) ]

| paren *)

plus *)
unknown *) "a" (* identifier *) { letter (* identifier *)

(*
| (* unknown ("
| (* unknown *) "." (* period *)
| (* unknown *) ")" (* rparen *)
| (* unknown *) "+" (*
[

}

Another way of representing this information is in terms of a transition diagram like that sho
Figure 10.1, where, as is more usual, the states have been labelled with small integers, anc
the arcs are labelled with the characters whose recognition causes the automaton to move
state to another.
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Figure 18.1 A transition diagram for a simple FSA

There are many ways of developing a scanner from these ideas. One approach, using a tal
scanner, is suggested below. To the set of states suggested by the diagram we add one m
denoted by i ni shed, to allow the postcondition to be easily realized.

TOKENS FUNCTI ON Get Sym
(* Preconditions: CHis already available
Next St at e, Token nappi ngs defi ned
Postcondition: CHis left as the character follow ng token *)
BEG N
State : = 0;
WH LE state # fini shed DO
LastState := State;
State := NextState[State, CH];
Get (CH) ;
END;
RETURN Token[ Last St ate];
END

Here we have made use of various mapping functions, expressed in the form of arrays:

Token[ s] is defined to be the token recogni zed when the machi ne has reached state s
Next State[s, x] indicates the transition that nust be taken when the machine
is currently in state s, and has just recognized character x.

For our example, the arraysken andNext St at e would be set up as in the table below. For
clarity, the many transitions to theni shed state have been left blank.

State

1 2 4 & 7 unknown
1 number

= lparen
lbrack
period
rbrack
plus
LRArEn .
= g ident if ier

Hert5tatelState, CH] Token

LeniN Leyldy BN N Dl
o

A table-driven algorithm is efficient in time, and effectively independent of the token gramm
thus highly suited to automated construction. However it should not take much imagination
that it is very hungry and wasteful of storage. A complex scanner might run to dozens of st
many machines use an ASCII character set, with 256 values. For each character a column
needed in the matrix, yet most of the entries (as in the example above) would be identical. .
although we may have given the impression that this method will always succeed, this is nc
necessarily so. If the underlying token grammar were not LL(1) it might not be possible to d
an unambiguous transition matrix - some entries might appear to require two or more value
situation we speak of requiringnan-deter ministic finite automaton (NDFA) as opposed to the
deterministic finite automaton (DFA) that we have been considering up until now.



Small wonder that considerable research has been invested in developing variations on thi
The code below shows one possible variation, for our specimen grammar, in the form of a «
C++ function. In this case it is necessary to have but one static array (deneted &),
initialized so as to map each possible character into a single state.

TOKENS get syn( voi d)
/1 Preconditions: First character ch has already been read
I/ stateO[] has been initialized
{ 1 gnoreConment sAndSepar at ors();
int state = stateO[ch];
while (1)
{ ch = getchar();
switch (state)
{ case 1 :
if (lisdigit(ch)) return nunber;
break; // state unchanged
case 2 :
if (ch =".") state = 3; else return | paren;
br eak;
case 3 :
return | brack;
case 4 :
if (ch =")") state = 5; else return period;
br eak;
case 5 :
return rbrack;
case 6 :
return plus;
case 7 :
return rparen;
case 8 :
if (lisletter(ch)) return identifier;
break; // state unchanged
defaul t :
return unknown,
}

}
}

Our scanner algorithms are as yet immature. Earlier we claimed that scanners often incorp
such tasks as the recognition of keywords (which usually resemble identifiers), the evaluati
constant literals, and so on. There are various ways in which these results can be achievec
later case studies we shall demonstrate several of them. In the case of the state machine it
easiest to build up a string that stores all the characters scanned, a task that requires minin
perturbation to the algorithms just discussed. Subsequent processingdefahiscan then be
done in an application-specific way. For example, searching for a string in a table of keywo
easily distinguish between keywords and identifiers.

Exercises

10.7 Our scanner algorithms have all had the property that they consume at least one char
Suppose that the initial character could not form part of a token (that is, did not belong to th
vocabulary of the language). Would it not be betttrto consume it?

10.8 Similarly, we have made no provision for the very real possibility that the scanner may
find any characters when it tries to read them, as would happen if it tried to read past the el
source. Modify the algorithm so that the scanner can recognize this condition, and return a
distinctiveeof token when necessary. Take care to get this correct: the solution may not be
obvious as it at first appears.

10.9 Suppose that our example language was extended to recagnéea keyword. We could



accomplish this by extending the last part of the transition diagram given earlier to that sho
Figure 10.2.
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Figure 18.2 Part of a transition diagram for an edtended FSA

What corresponding changes would need to be made to the tables needed to drive the par:
principle one could, of course, handle any number of keywords in a similar fashion. The nui
states would grow very rapidly to the stage where manual construction of the table would b
very tedious and error-prone.

10.10 How could the & code given earlier be modified to handle the extension suggested il
Exercise 10.9?

10.11 Suppose our scanner was also required to recognize quoted strings, subject to the c
restriction that these should not be allowed to carry across line breaks in the source. How c
be handled? Consider both the extensions that would be neede@ddtoescanner given earlie
and also to the table driven scanner.

Further reading

Automata theory and the construction of finite state automata are discussed in most texts o
compiler construction. A particularly thorough treatment is is to be found in the book by Gol
(1988); those by Holub (1990), Watson (1989) and Fischer and LeBlanc (1988, 1991) are ¢
highly readable.

Table driven parsers may also be used to analyse the higher level phrase structure for lanc
which satisfy the LL(k) conditions. Here, as in the FSA discussed above, and as in the LR
be discussed briefly later, the parser itself becomes essentially language independent. The
have to be more sophisticated, of course. They are known as "push down automata”, since
generally need to maintain a stack, so as to be able to handle the self-embedding found in
productions of the grammar. We shall not attempt to discuss such parsers here, but refer tr
interested reader to the books just mentioned, which all treat the subject thoroughly.

10.6 LR parsing

Although space does not permit of a full description, no modern text on translators would b
complete without some mention of so-callgd(k) parsing. The terminology here comes from-
notion that we scan the input string fraraft to right (the L), applying reductions so as to yield
Rightmost parse (the R), by looking as far ahead as theknesthinals to help decide which
production to apply. (In practideis never more than 1, and may be zero.)



The technique ibottom-up rather thartop-down. Starting from the input sentence, and makin
reductions, we aim to end up with the goal symbol. The reduction of a sentential form is act
by substituting the left side of a production for a string (appearing in the sentential form) wh
matches the right side, rather than by substituting the right side of a production whose left ¢
appears as a non-terminal in the sentential form.

A bottom-up parsing algorithm might employar se stack, which contains part of a possible
sentential form of terminals and/or non terminals. As we read each terminal from the input ¢
we push it onto the parse stack, and then examine the top elements of this to see whether:
make a reduction. Some terminals may remain on the parse stack quite a long time before
finally pushed off and discarded. (By way of contrast, a top- down parser can discard the te
immediately after reading them. Furthermore, a recursive descent parser stores the non-tel
components of the partial sentential form only implicitly, as a chain of as yet uncompleted c
the routines which handle each non-terminal.)

Perhaps an example will help to make this clearer. Suppose we have a highly simplified
(non-LL(1)) grammar for expressions, defined by

Goal = Expression "." . (1)
Expression = Expression "-" Term | Term. (2, 3)
Term = "a" (4)

and are asked to parse the striagd-a." .

The sequence of events could be summarized

Step Acti on Usi ng production St ack
1 read a a
2 reduce 4 Term
3 reduce 3 Expressi on
4 read - Expression -
5 r ead a Expression - a
6 reduce 4 Expression - Term
7 reduce 2 Expr essi on
8 read - Expression -
9 read a Expression - a
10 reduce 4 Expression - Term
11 reduce 2 Expr essi on
12 read . Expression .
13 reduce 1 Goal

We have reache@oal and can conclude that the sentence is valid.

The careful reader may declare that we have cheated! Why did we not use the production
Goal = Expression when we had reduced the strirgj to Expression after step 3? To apply a
reduction it is, of course necessary that the right side of a production be currently on the pa
stack, but this in itself is insufficient. Faced with a choice of right sides which match the top
elements on the parse stack, a practical parser will have to employ some strategy, perhaps
looking ahead in the input string, to decide which to apply.

Such parsers are invariably table driven, with the particular strategy at any stage being dett
by looking up an entry in a rectangular matrix indexed by two variables, one representing tf
current "state" of the parse (the position the parser has reached within the productions of tt
grammar) and the other representing the current "input symbol" (which is one of the termini
non-terminals of the grammar). The entries in the table specify whether the parsecéptithe
input string as correctgject as incorrectshift to another state, oeduce by applying a particular
production. Rather than stack the symbols of the grammar, as was implied by the trace abc
parsing algorithm pushes or pops elements representing states of the sarieoparation



pushing the newly reached state onto the stack, aedliee operation popping as many elemen
as there are symbols on the right side of the production being applied. The algorithm can b

expressed:

BEG N

Get SYM | nput Synbol ) ;
State := 1; Push(State);

REPEAT

Entry := Tabl e[ State,
CASE Entry. Action OF

shift:

(* first Symin sentence *)

Parsi ng : = TRUE;

I nput Synbol ];

State := Entry. Next State; Push(State);
I F I sTerm nal (I nput Synbol ) THEN
Get SYM | nput Synbol ) (* accept *)

END
reduce:
FOR |
State :
I nput Synbol
reject:

Report (Failure);

accept:

Report (Success);

END
UNTI L NOT Parsing
END

1 TO Length(Rul e[ Entry]. Ri ght Si de) DO Pop END;
Top( St ack) ;
= Rul e[ Entry]. LeftSide;

Parsing : = FALSE

Parsing : = FALSE

Although the algorithm itself is very simple, construction of the parsing table is considerably
difficult. Here we shall not go into how this is done, but simply note that for the simple exan
given above the parsing table might appear as follows (we have le#jthe entries blank for

clarity):

Sumba L
Goal Expression Term et LU LUALY
State

1 Accept Shift 2 Shift 3 Shift 4
2 Shift & Reduce 1
E] Reduce 3 Reduce 3
4 Feduce 4 Feduce 4
5 Shift & Shift 4
& Reduce 2 Reduce 2

Given this table, a parse of the strirag-'a - a ." would proceed as follows. Notice that the peric
has been introduced merely to make recognizing the end of the string somewhat easier.

State Synbol
1 a
4 -
1 Term
3 -
1 Expr essi on
2 -
5 a
4 -
5 Term
6 -
1 Expr essi on
2 -
5 a
4 .
5 Term
6 .
1 Expr essi on
2 .
1 Goal

@
m
3
=~

PRrRRPRRRRPRRPRRERRERRPRRRRRR

N NNNNN NNNNN w N

oo

oo o

Acti on

Shift to state 4, accept a
Reduce by (4) Term= a

Shift to state 3

Reduce by (3) Expression = Term
Shift to state 2

Shift to state 5, accept -
Shift to state 4, accept a
Reduce by (4) Term= a

Shift to state 6

Reduce by (2) Expression = Expression -

Shift to state 2

Shift to state 5, accept -
Shift to state 4, accept a
Reduce by (4) Term= a
Shift to state 6

Reduce by (2) Expression = Expression -

Shift to state 2
Reduce by (1) Goal = Expression
Accept as conpl et ed

Term

Term

The reader will have noticed that the parsing table for the toy example is very sparsely fillec
use of fixed size arrays for this, for the production lists, or for the parse stack is clearly non-



One of the great problems in using the LR method in real applications is the amount of stor
which these structures require, and considerable research has been done so as to minimiz

As in the case of LL(1) parsers it is necessary to ensure that productions are of the correct
before we can write a deterministic parser using such algorithms. Technically one has to a\
are known as "shift/reduce conflicts”, or ambiguities in the action that is needed at each ent
parse table. In practice the difficult task of producing the parse table for a large grammar w
productions and many states, and of checking for such conflicts, is invariably left to parser

generator programs, of which the best known is probgady (Johnson, 1975). A discussion of

yacc, and of its underlying algorithms for LR(k) parsing is, regrettably, beyond the scope of
book.

It turns out that LR(k) parsing is much more powerful than LL(k) parsing. Before an LL(1) pi
can be written it may be necessary to transform an intuitively obvious grammar into one for
the LL(1) conditions are met, and this sometimes leads to grammars that look unnaturally
complicated. Fewer transformations of this sort are needed for LR(k) parsers - for example.
recursion does not present a problem, as can be seen from the simple example discussed
the other hand, when a parser is extended to handle constraint analysis and code generatic
LL(1)-based grammar presents fewer problems than does an LR(1)-based one, where the «
are sometimes found to introduce violations of the LR(K) rules, resulting in the need to tran:
the grammar anyway.

The rest of our treatment will all be presented in terms of the recursive descent technique,
has the great advantage that it is intuitively easy to understand, is easy to incorporate into
hand-crafted compilers, and leads to small and efficient compilers.

Further reading

On the accompanying diskette will be found source code for a demonstration program that
implements the above algorithm in the case where the symbols can be represented by sing
characters. The reader may like to experiment with this, but be warned that the simplicity of
parsing algorithm is rather overwhelmed by all the code required to read in the productions
elements of the parsing tables.

In the original explanation of the method we demonstrated the use of a stack which contain
symbols; in the later discussion we commented that the algorithm could merely stack state:
However, for demonstration purposes it is convenient to show both these structures, and st
program we have made use ofatiant record or union for handling the parse stack, so as to
accommodate elements which represent symbols as well as ones which represent parse st
alternative method would be to use two separate stacks, as is outlined by Hunter (1981).

Good discussions of LR(K) parsing and of its variations such as SLR (Simple LR) and LALF
Ahead LR) appear in many of the sources mentioned earlier in this chapter. (These variatio
reduce the size of the parsing tables, at the cost of being able to handle slightly less gener:
grammars.) The books by Gough (1988) and by Fischer and LeBlanc (1988, 1991) have us
comparisons of the relative merits of LL(k) and LR(k) parsing techniques.




10.7 Automated construction of scannersand parsers

Recursive descent parsers are easily written, provided a satisfactory grammar can be founi
the code tends to match the grammar very closely, they may be developed manually quickl
accurately. Similarly, for many applications the manual construction of scanners using the
techniques demonstrated in the last section turns out to be straightforward.

However, as with so many "real” programming projects, when one comes to develop a larg
compiler, the complexities of scale raise their ugly heads. An obvious course of action is to
interleave the parser with the semantic analysis and code generation phases. Even when n
techniques are used - such as writing the system to encapsulate the phases in well-definec
classes or modules - real compilers all too easily become difficult to understand, or to main
(especially in a "portable” form).

For this reason, among others, increasing use is now madesef generator s andscanner
generators - programs that take for their input a system of productions and create the
corresponding parsers and scanners automatically. We have already made frequent refere
such tool, Coco/R (Mdssenbdck, 1990a), which exists in a number of versions that can gen
systems, embodying recursive descent parsers, in eitherCJ&a, Pascal, Modula-2 or Ober«
We shall make considerable use of this tool in the remainder of this text.

Elementary use of a tool like Coco/R is deceptively easy. The user prepares a Cocol gramr
description of the language for which the scanner and parser are required. This grammar d
forms the most obvious part of the input to Coco/R. Other parts come in the form of so-calle
framefiles that give the skeleton of the common code that is to be generated for any scann
parser or driver program. Such frame files are highly generic, and a user can often employ
standard set of frame files for a wide number of applications.

The tool is typically invoked with a command like

cocor -c -1 -f grammar Nanme

wheregr ammar Narre is the name of the file containing the Cocol description. The arguments
prefixed with hyphens are used in the usual way to select various options, such as the gen
a driver module-(c), the production of a detailed listing {, a summary of the FIRST and
FOLLOW sets for each non-terminak {j, and so on.

After the grammar has been analysed and tested for self-consistency and correctness (ens
example, that all non-terminals have been defined, that there are no circular derivations, ar
tokens can be distinguished), a recursive descent parser and complementary FSA scanner
generated in the form of highly readable source code. The exact form of this depends on th
of Coco/R that is being used. The Modula-2 version, for example, genegate&sTI ON MODULES
specifying the interfaces, along withPLEMENTATI ON MODULES detailing the implementation of
each component, while the-€version produces separate header and implementation files tr
define a hierarchical set of classes.

Of course, such tools can only be successfully used if the user understands the premises ¢
they are based (for example, Coco/R can guarantee real success only if it is presented witt
underlying grammar that is LL(1)). Their full power comes about when the grammar descrig
are extended further in ways to be described in the next chapter, allowing for the constructi
complete compilers incorporating constraint analysis, error recovery, and code generation,



we delay further discussion for the present.

Exercises

10.12 On the accompanying diskette will be found implementations of Coco/R fet,di@bo
Pascal, and Modula-2. Submit the sample grammar given earlier to the version of your cho
compare the code generated with that produced by hand in earlier sections.

10.13 Exercises 5.11 through 5.21 required you to produce Cocol descriptions of a number
grammars. Submit these to Coco/R and explore its capabilities for testing grammars, listing
and FOLLOW sets, and constructing scanners and parsers.

Further reading

Probably the most famous parser generatpags, originally developed by Johnson (1975). Th¢
are several excellent texts that describe the ugacofand its associated scanner generator
(Lesk, 1975), for example those by Aho, Sethi and Ullman (1986), Bennett (1990), Levine,
and Brown (1992), and Schreiner and Friedman (1985).

The books by Fischer and LeBlanc (1988) and Alblas and Nymeyer (1996) describe other
generators written in Pascal and in C respectively.

There are now a great many compiler generating toolkits available. Many of them are freely
available from one or other of the large repositories of software on the Internet (some of the
listed in Appendix A). The most powerful are more difficult to use than Coco/R, offering, as
do, many extra features, and, in particular, incorporating more sophisticated error recovery
techniques than are found in Coco/R. It will suffice to mention three of these.

Grosch (1988, 1989, 1990a), has developed a toolkit known as Cocktail, with components f
generating LALR based parsers (LALR), recursive descent parsers (ELL), and scanners (R
variety of languages.

Grune and Jacobs (1988) describe their LL(1)-based tool (LLGen), as a "programmer frienc
LL(1) parser". It incorporates a number of interesting techniques for helping to resolve LL(1
conflicts, improving error recovery, and speeding up the development of large grammatrs.

A toolkit for generating compilers written in C o#-€that has received much attention is PCC™
the Purdue University Compiler Construction Tool Set (Parr, Dietz and Cohen (1992), Parr
This is comprised of a parser generator (ANTLR), a scanner generator (DLG) and a tree-p¢
generator (SORCERER). It provides internal support for a number of frequently needed op:
(such as abstract syntax tree construction), and is particularly interesting in that it uses LL(l
parsing with k > 1, which its authors claim give it a distinct edge over the more traditional LI
parsers (Parr and Quong, 1995, 1996).
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11 SYNTAX-DIRECTED TRANSLATION

In this chapter we build on the ideas developed in the last two, and continue towards our g¢
developing translators for computer languages, by discussing how syntax analysis can forn
basis for driving a translator, or similar programs that process input strings that can be dest
a grammar. Our discussion will be limited to methods that fit in with the top-down approach
so far, and we shall make the further simplifying assumption that the sentences to be analy
essentially syntactically correct.

11.1 Embedding semantic actionsinto syntax rules

The primary goal of the types of parser studied in the last chapter - or, indeed, of any parse
recognition or rejection of input strings that claim to be valid sentences of the language unc
consideration. However, it does not take much imagination to see that once a parser has b
constructed it might be enhanced to perform specific actions whenever various syntactic cc
have been recognized.

As usual, a simple example will help to crystallize the concept. We turn again to the gramm
can describe simple algebraic expressions, and in this case to a variant that can handle
parenthesized expressions in addition to the usual four operators:

Expression = Term{ "+" Term| "-" Term} .
Term = Factor { "*" Factor | "/" Factor } .
Fact or = identifier | nunmber | "(" Expression ")"

It is easily verified that this grammar is LL(1). A simple recursive descent parser is readily
constructed, with the aim of accepting a valid input expression, or aborting with an appropri
message if the input expression is malformed.

voi d Expression(void); // function prototype

voi d Factor (voi d)
/Il Factor = identifier | nunber | "(" Expression ")"
{ switch (SYMsyn)
{ case identifier:
case numnber:
getsym(); break;
case | paren:
getsym(); Expression();
accept(rparen, " Error - ')’ expected"); break;
defaul t:
printf("Unexpected synmbol\n"); exit(1);

}

voi d Tern{voi d)
// Term= Factor { "*" Factor | "/" Factor } .
{ Factor();
while (SYMsym==tines || SYMsym == sl ash)
{ getsynm(); Factor(); }

voi d Expression(void)
/'l Expression = Term{ "+" Term| "-" Term} .
{ Tern();

while (SYMsym == plus || SYMsym == m nus)
y { getsyn(); Tern(); }



Note that in this and subsequent examples we have assumed the existence of a lower leve
that recognizes fundamental terminal symbols, and constructs a globally accessible sviabl
that has a structure declared on the lines of

enum synmt ypes {
unknown, eofsym identifier, nunber, plus, mnus, tinmes, slash,
| paren, rparen, equals

struct synbols {

syntypes sym /1 class
char nane; /'l | exene
int num /1 val ue

synbols SYM // Source token

The parser proper requires that an initial cajjdosyn() be made before callirgkpr essi on()
for the first time.

We have also assumed the existence of a severe error handler, similar to that used in the I
chapter:

voi d accept (syntypes expectedternminal, char *errormessage)
{ if (SYMsym!= expectedtermnal) { puts(errornmessage); exit(1); }
) getsyn();

Now consider the problem of reading a valid string in this language, and translating it into a
that has the same meaning, but which is expressaabifix (that is, "reverse Polish") notation.
Here the operators follow the pair-wise operands, and there is no need for parentheses. Fa
example, the infix expression

(a+b)* (c-d)
is to be translated into its postfix equivalent
ab+cd-~

This is a well-known problem, admitting of a fairly straightforward solution. As we read the i
string from left to right we immediately copy all the operands to the output stream as soon ¢
are recognized, but we delay copying the operators until we can do so in an order that relat
familiar precedence rules for the operations. With a little thought the reader should see thalt
grammar and the parser given above capture the spirit of these precedence rules. Given th
it is not difficult to see that the augmented routine below not only parses input strings; the e
of the carefully positioned output statements effectively produces the required postfix transl

voi d Factor (voi d)
/Il Factor = identifier | nunber | "(" Expression ")"
{ switch (SYMsym
{ case identifier:
case number:
printf(" % ", SYMnane); getsyn(); break;
case | paren:
getsym(); Expression();
accept(rparen, " Error - ')’ expected"); break;
defaul t:
printf("Unexpected synmbol\n"); exit(1);

}

voi d Tern{voi d)
// Term= Factor { "*" Factor | "/" Factor } .
{ Factor();

while (SYMsym==tines || SYMsym == sl ash)



{ switch (SYMsyn)
{ case tines: getsym(); Factor(); printf(" * "); break;
case slash: getsyn(); Factor(); printf(" / "); break;

}
}
}

voi d Expression(void)
/]l Expression = Term{ "+" Term| "-" Term} .
{ Term();
while (SYMsym== plus || SYM sym == m nus)
{ switch (SYM synm
{ case plus: getsym(); Tern(); printf(" + "); break;
case mnus: getsym(); Term(); printf(" - "),; break;

}
}

In a very real sense we have moved from a parser to a compiler in one easy move! What w
illustrated is a simple example of a syntax-directed program; one in which the underlying al
is readily developed from an understanding of an underlying syntactic structure. Compilers
obvious candidates for this sort of development, although the technique is more generally
applicable, as hopefully will become clear.

The reader might wonder whether this idea could somehow be reflected back to the formal
grammar from which the parser was developed. Various schemes have been proposed for
this. Many of these use the idea of addiegantic actions into context-free BNF or EBNF
production schemes.

Unfortunately there is no clear winner among the notations proposed for this purpose. Mosi
however, incorporate the actions by writing statements in some implementation language (¢
example, Modula-2 or &) between suitably chosen meta-brackets that are not already besy
that language. For example, Coco/R uses EBNF for expressing the productions and bracke
actions with {. "and ") ", as in the example below.

Expr essi on

= Term
{ "+" Term (. Wite("+); .)
| "-" Term (. Wite('-"); .)
} .
Term
= Factor
"*" Factor (. Wite("*"); .)
| "/" Factor (. Wite('/"); .)

} .

Fact or
= ( identifier | nunmber ) (. Wite(SYMnnane); .)
| "(" Expression ")" .

Theyacc parser generator on UNIX systems uses unextended BNF for the productions and
braces{" and '} " around actions expressed in C.

Exercises

11.1 Extend the grammar and the parsers so as to handle an expression language in whicf
have an optional leading + orsign (as exemplified bya* (-b+c)).




11.2 Attribute grammars

A little reflection will show that, although an algebraic expression clearly has a semantic me
(in the sense of its "value"), this was not brought out when developing the last example. Wt
idea of incorporating actions into the context-free productions of a grammar gives a powerf
for documenting and developing syntax- directed programs, what we have seen so far is st
inadequate for handling the many situations where some deeper semantic meaning is requ

We have seen how a context-free grammar can be used to describe many features of prog
languages. Such grammars effectively define a derivation or parse tree for each syntactical
program in the language, and we have seen that with care we can construct the grammar <
parse tree in some way reflects the meaning of the program as well.

As an example, consider the usual old chestnut language, albeit expressed with a slightly ¢
(non-LL(1)) grammar

Goal = Expression .

Expression = Term | Expression "+" Term | Expression "-" Term
Term = Factor | Term "*" Factor | Term "/" Factor .
Fact or = identifier | nunmber | "(" Expression ")"

and consider the phrase structure trexfery * z, shown in Figure 11.1.

E?al

Expression

Expression Ii Term
Ter:~m Term Factor
Factor Factor
ldenéiFler ldenéiFler identifier
; ¥ g » 2

Figure 11.1 Phrase structure tres for 4 + w # 2

Suppose, y andz had associated numerical values of 3, 4 and 5, respectively. We can think
these asemantic attributes of the leaf nodes, y andz. Similarly we can think of the nodes '+
and ™ as having attributes of "add" and "multiply". Evaluation of the whole expression can |
regarded as a process where these various attributes are passed "up” the tree from the teri
nodes and are semantically transformed and combined at higher nodes to produce a final r
attribute at the root - the value (23) of theal symbol. This is illustrated in Figure 11.2.

23 Goal
l_ e EHDI‘?‘SElDI‘l
|| | |
. i)
ﬁ Expression —| Term
I | I
ﬁ Term ﬁ TE-Irm E Factor
ﬁ Facﬂl: or ﬁ Facltcur
|3 ldenTiFler ﬁ ldentIlFier identifier
1
H add + 4 u My Lt * E 2

Figure 11.2 Passing attributes up a parse tree

In principle, and indeed in practice, parsing algorithms can be written whose embedded aci
explicitly construct such trees as the input sentences are parsed, afet@iai@ or annotate the
nodes with the semantic attributes. Associated tree-walking algorithms can then later be in



process this semantic information in a variety of ways, possibly making several passes ove
before the evaluation is complete. This approach lends itself well to the construction of opti
compilers, where repeatedly walking the tree can be used to prune or graft nodes in a way
simpler compiler cannot hope to do.

The parser constructed in the last section for recognizing this language did not, of course, «
an explicit parse tree. The grammar we have now employed seems to map immediately to
trees in which the usual associativity and precedence of the operators is correctly reflected
recursive, and thus unsuitable as the basis on which to construct a recursive descent parse
However, as we saw in section 10.6, it is possible to construct other forms of parser to han
grammars that employ left recursion. For the moment we shall not pursue the interesting pr
of whether or how a recursive descent parser could be modified to generate an explicit tree
shall content ourselves with the observation that the execution of such a parser effectively
implicit structure, whose nodes correspond to the various calls made to the sub-parsers as
proceeds.

Notwithstanding any apparent practical difficulties, our notions of formal grammars may be
extended to try to capture the essence of the attributes associated with the nodes, by exter
notation still further. In one scheme, attribute rules are associated with the context-free prou
in much the same way as we have already seen for actions, giving rise to what is known as
attribute grammar. As usual, an example will help to clarify:

Goal
= Expr essi on (. CGoal.Value := Expr.Value .) .
Expr essi on
= Term (. Expr.Value := Term Val ue .)

| Expression "+" Term (. Expr.Value := Expr.Value + Term Val ue .)

| Expression Term (. Expr.Value := Expr.Value - TermValue .) .
Term
= Factor (. Term Val ue := Fact. Val ue .

| Term "*" Factor (. TermValue := Term Value * Fact.Val ue .)

| Term "/" Factor (. TermValue := Term Value / Fact.Value .) .
Fact or
= identifier (. Fact.Value :=identifier.Value .)

| nunber (. Fact.Val ue : = nunber. Val ue .)

( =

| "(" Expression ")" ~ Fact. Val ue : Expr. Value .) .

Here we have employed the familiar "dot" notation that many imperative languages use in
designating the elements of record structures. Were we to employ a parsing algorithm that
constructed an explicit tree, this notation would immediately be consistent with the declarat
the tree nodes used for these structures.

It is important to note that the semantic rules for a given production specify the relationship.
between attributes of other symbols in $ame production, and are essentially "local".

It is not necessary to have a left recursive grammar to be able to provide attribute informati
could write an iterative LL(1) grammar in much the same way:

Goal
= Expression (. Goal.Value := Expr.Value .) .
Expr essi on
= Term (. Expr.Value := Term Val ue .
{ "+"  Term (. Expr.Value := Expr.Value + Term Val ue .
| "-" Term (. Expr.Value := Expr.Value - Term Val ue .
} .
Term
= Factor (. Term Val ue : = Fact. Val ue .
{ "*"  Factor (. TermValue := Term Value * Fact. Val ue .
| "/" Factor (. TermValue := Term Value / Fact. Val ue .
Fact or
= identifier (. Fact.Value := identifier.Value .)
| number (. Fact.Val ue := nunber. Val ue .)



| "(" Expression ")" (. Fact.Value := Expr.Value .) .

Our notation does yet lend itself immediately to the specification and construction of those |
that donot construct explicit structures of decorated nodes. However, it is not difficult to dev
suitable extension. We have already seen that the construction of parsers can be based on
that expansion of each non-terminal is handled by an associated routine. These routines ce
parameterized, and the parameters can transmit the attributes to where they are needed. L
idea we might express our expression grammar as follows (where we have introduced yet |
meta-brackets, this time denoted ky &nd '>"):

Goal < Value >
= Expression < Value > .
Expression < Val ue >
= Term< Val ue >
{ "+"  Term < TernVal ue > (. Value :
| "-" Term< TernVal ue > (. Value :

Val ue + TernVal ue .)
Val ue - TernVal ue .)

Term < Val ue >
= Factor < Value >
{ "*" Factor < FactorValue > (. Value :
| "/" Factor < FactorValue > (. Value :

Val ue * FactorVal ue .)
Val ue / FactorVal ue .)

Factor < Val ue >
= identifier < Value >
|  number < Value >
| "(" Expression < Value > ")"

11.3 Synthesized and inherited attributes

A little contemplation of the parse tree in our earlier example, and of the attributes as given
should convince the reader that (in this example at least) we have a situation in which the ¢
of any particular node depend only on the attributes of nodes in the subtrees of the node in
In a sense, information is always passed "up" the tree, or "out" of the corresponding routine
parameters must be passed "by reference”, and the grammar above maps into code of the
shown below (where we shall, for the moment, ignore the issue of how one attributes an idt
with an associated numeric value).

voi d Factor(int &val ue)
/Il Factor = identifier | nunber | "(" Expression ")"
{ switch (SYMsyn)
{ case identifier:
case number:
val ue = SYM num getsym(); break;
case | paren:
getsym(); Expression(value);
accept(rparen, " Error - ')’ expected"); break;
defaul t:
printf("Unexpected synmbol\n"); exit(1);

}

void Tern(int &val ue)
/! Term= Factor { "*" Factor | "/" Factor } .
{ int factorval ue;
Fact or (val ue);
while (SYMsym==tines || SYMsym == sl ash)
{ switch (SYMsym
{ case tinmes:
getsym(); Factor(factorvalue); value *= factorval ue; break;
case sl ash:
getsym(); Factor(factorvalue); value /= factorval ue; break;

}
}

voi d Expression(int &val ue)
/'l Expression = Term{ "+" Term| "-" Term} .
{ int ternval ue;



Tern(val ue);
while (SYMsym == plus || SYMsym == m nus)
{ switch (SYMsyn)
{ case plus:
getsym(); Term(ternval ue); value += ternval ue; break;
case m nus:
getsym(); Term(termval ue); value -= ternval ue; break;

}
}
Attributes that travel in this way are known as synthesized attributes. In general, given a
context-free production rule of the form

A=uBY
then an associated semantic rule of the form

A.attribute = f (oc.attributq, B.attributg, v.attribute )

is said to specify aynthesized attribute of A.

Attributes do not always travel up a tree. As a rather grander example, consider the very sr
CLANG program:

PROGRAM Si | | y;
CONST
Bonus = 4;
VAR
Pay;
BEG N
WRI TE( Pay + Bonus)
END.

which has the phrase structure tree shown in Figure 11.3.

Frogram
]
[ I I I ]
""PROGRAM™ iden?iFier L Elock LAt
TELL L™
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ident if ier =" number I
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"EOHUS™ rrgrr

[ I ]
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]
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Fa?tor ident if ier
iden?iFier

L e "Eonus"

Figure 11.3 Parse tree for a complete small program

In this case we can think of the Boolda@ionstant andlsVariable attributes of the nodesNST
andVAR as being passed up the tregnthesized), and then later passed back down iauhérited by



other nodes lik®onus andPay (see Figure 11.4). In a sense, the context in which the identifie
were declared is being remembered - the system is providing a way of handling context-sel
features of an otherwise context-free language.

ConstOeclarat ions VarDeclarat ions CompoundStatement
” 1 1
IsConstant  "COMST™ i Islariable "UAR™ identifier LLHLU
| ] P gy ——
ident ifier = number
| I
"Bonus" regre

Figure 11.4 Attributes passed up and down a parse tree

Of course, this idea must be taken much further. Attributes like this form part of what is usu
termed arenvironment. Compilation or parsing of programs in a language like Pascal or Mo
generally begins in a "standard" environment, into which pervasive identifierRlike FALSE,
ORD, CHRand so on are already incorporated. This environment is inheritébbsam and then
by Block and then byConstDeclarations, which augments it and passes it back up, to be inher
its augmented form byarDeclarations which augments it further and passes it back, so that i
then be passed down to tGempoundSatement. We may try to depict this as shown in Figure
11.5.
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Figure 11.5 Hodification of the parsing environment
More generally, given a context-free production rule of the form
A=cBY

an associated semantic rule of the form



B.attribute = f (oc.attributq, A.attribute, v.attribute )

is said to specify amherited attribute of B. The inherited attributes of a symbol are compute:
from information held in the environment of the symbol in the parse tree.

As before, our formal notation needs modification to reflect the different forms and flows of
attributes. A notation often used employs arrifvasid+ in conjunction with the parameters
mentioned in the > metabrackets. Inherited attributes are marked +yigimd synthesized
attributes wittT. In terms of actual codin{l,attributes correspond to "reference" parameters, v
| attributes correspond to "value" parameters. In practice, reference parameters may also t
manipulate features (such as an environment) that are inherited, modified, and then returne
are sometimes calladansmitted attributes, and are marked wit-? or?.

11.4 Classes of attribute grammars

Attribute grammars have other important features. If the action of a parser is in some way t
construct a tree whose nodes are decorated with semantic attributes relevant to each node
"walking" this tree after it has been constructed should constitute a possible mechanism for
developing the synthetic aspects of a translator, such as code generation. If this is this cast
order in which the tree is walked becomes crucially important, since attributes can depend
another. The simplest tree walk - the depth-first, left-to-right method - may not suffice. Inde:
have a situation completely analogous to that which arises in attempting single-pass assern
discovering forward references to labels. In principle we can, of course, perform multiple tre
walks, just as we can perform multiple-pass assembly. There are, however, two types of at
grammars for which this is not necessary.

® An S-attributed grammar is one that uses only synthesized attributes. For such a gran
the attributes can obviously be correctly evaluated using a bottom-up walk of the pars
Furthermore, such a grammar is easily handled by parsing algorithms (such as recurs
descent) that do not explicitly build the parse tree.

® An L-attributed grammar is one in which the inherited attributes of a particular symbo
any given production are restricted in certain ways. For each production of the genera

A—B,;B,..B,

the inherited attributes &, may depend only on the inherited attribute#\afr synthesized
attributes oBy, B, ... B, 1. For such a grammar the attributes can be correctly evaluatec

a left- to-right depth-first walk of the parse tree, and such grammars are usually easily
handled by recursive descent parsers, which implicitly walk the parse tree in this way.

We have already pointed out that there are various aspects of computer languages that inv
context sensitivity, even though the general form of the syntax might be expressed in a con
way. Context-sensitive constraints on such languages - often catkest conditions - are often
conveniently expressed by conditions included in its attribute grammar, specifying relations
must be satisfied between the attribute values in the parse tree of a valid program. For exa
might have a production like



Assi gnment = VarDesignator < Type\/T > ":=" Expression < TypeET >
(. where Assignnent Conpati bl e(Typevl‘, TypeEl‘) L)

Alternatively, and more usefully in the construction of real parsers, the context conditions
expressed in the same notation as for semantic actions, for example

Assignment = VarDesignator < Type\/T > ":=" Expression < TypeET >
(. if (Inconpati bl e(TypeVvr, TypeEl‘))
Semanti cError ("l nconpatible types"); .) .
Finally, we should note that the concept of an attribute grammar may be formally defined in
ways. Waite and Goos (1984) and Rechenberg and Méssenbdéck (1989) suggest:

An attribute grammar is a quadrupl&{A, R, K }, whereG={ N, T,SP}isa
reduced context-free grammajs a finite set of attribute® is a finite set of semantic
actions, and is a finite set of context conditions. Zero or more attributes fkare
associated with each symb¢€ N U T, and zero or more semantic actions frierand
zero or more context conditions frdfnare associated with each productiofirFor
each occurrence of a non-termibain the parse tree of a sentencé& (@) the attributes
of X can be computed in at most one way by semantic actions.

Further reading

Good treatments of the material discussed in this section can be found in the books by Got
(1988), Bennett (1990), and Rechenberg and Mdssenbdck (1989). As always, the text by A
and Ullman (1986) is a mine of information.

11.5 Case study - a small student database

As another example of using an attribute grammar to construct a system, consider the prok
constructing a database of the members of a student group. In particular, we wish to recorc
names, along with their intended degrees, after extracting information from an original data
has records like the following:

ConpSci ence3
BSc : Mke, Juanito, Rob, Keith, Bruce ;
BScS : Erik, Arne, Paul, Rory, Andrew, Carl, Jeffrey ;
BSc : Nico, Kirsten, Peter, Luanne, Jackie, Mark .

Although we are not involved with constructing a compiler in this instance, we still have an
example of a syntax directed computation. This data can be described by the context-free
productions

ClassList = CassNane [ Goup { ";" Goup } ] ".
Group = Degree ":" Student { "," Student } .
Degr ee = "BSc" | "BScS" .

ClassName = identifier .

St udent = identifier .

The attributes of greatest interest are, probably, those that relate to the students’ names ar
codes. An attribute grammar, with semantic actions that define how the database could be
as follows:



Cl asslLi st

= ( assNane (. OpenDat aBase .)
[ Goup { ";" Goup} ] (. CoseDataBase .)
G'oub '

= Degree < DegreeOodeT >
St udent < DegreeCodel‘ >

{ "," Student < DegreeOodeJr >} .

Degree < DegreeCode T >
= " BSc" (. DegreeCode := bsc .)

| "BScS" (. DegreeCode := bscs .) .
Cl assNane
= identifier .
St udent < DegreeCodeJr >
= identifier < NameT > (. AddToDat aBase(NameJr, DegreeOodeL) L) .

It should be easy to see that this can be used to derive code on the lines of

voi d Student (codes DegreeCode)
{ if (SYMsym== identifier)
{ AddToDat aBase( SYM nane, DegreeCode); getsym(); }
el se
{ printf(" error - student nane expected\n"); exit(1); }

voi d Degree(codes &DegreeCode)
{ switch (SYMsyn)
{ case bscsym : DegreeCode bsc; break;
case bscssym : DegreeCode bscs; break;
default : printf(" error - invalid degree\n"); exit(1);

}
getsyn();

voi d G oup(void)
{ codes DegreeCode;
Degr ee( Degr eeCode) ;
accept(colon, " error - ':' expected");
St udent ( Degr eeCode) ;
whil e (SYM sym == conma)
{ getsyn(); Student(DegreeCode); }

voi d d assNane(voi d)
{ accept(identifier, " error - class nane expected"); }

voi d d assLi st (void)
{ dassNane();
OpenDat aBase() ;
if (SYMsym == bscsym|| SYM sym == bscssyn)
{ Goup(); ,
whil e (SYM sym == semicolon) { getsynm(); Goup(); }

}
Cl oseDat aBase() ;
accept(period, " error - '.' expected");

}

Although all the examples so far have lent themselves to very easy implementation by a re:
descent parser, it is not difficult to find an example where difficulties arise. Considélatskei st
example again, but suppose that the input data had been of a form like

ConpSci ence3

M ke, Juanito, Rob, Keith, Bruce . BSc ;
Erik, Arne, Paul, Rory, Andrew, Carl, Jeffrey : BScS ;
Ni co, Kirsten, Peter, Luanne, Jackie, Mrk . BSc .

This data can be described by the context-free productions

ClassList = CassNane [ Goup { ";" Goup } ] .
Group = Student { "," Student } ":" Degree .
Degr ee = "BSc" | "BScS" .

ClassName = identifier .

St udent = identifier .



Now a moment’s thought should convince the reader that attributing the grammar as follow

G oup

= Student < NameT > (. AddToDat aBase( Namal‘, DegreeCodeJr) )
{ "," Student < NarreT > (. AddToDat aBase( NarreJr, DegreeOodeJr) )
} ":" Degree < DegreeCodeT > .

Student < Nane! >
= identifier < NameT >

does not create an L-attributed grammar, but has the unfortunate effect that at the point wh
seems natural to add a student to the database, his or her degree has not yet been ascerte

Just as we did for the one-pass assembler, so here we can sidestep the problem by creatir
forward reference table. It is not particularly difficult to handle this grammar with a recursive
descent parser, as the following amended code will reveal:

voi d Student (names &Nane)
{ if (SYMsym==identifier)
{ Name = SYM nan®e; getsym(); }
el se
{ printf(" error - student nane expected\n"); exit(1); }

voi d G oup(void)

{ codes DegreeCode;
names Nane[ 100] ;
int last = 0;

St udent (Nane[ | ast]); /1 first forward reference
while (SYM sym == conmm)
{ getsyn();
|l ast ++; Student(Name[last]); // add to forward references
accept(colon, " error - ':' expected");
Degr ee( Degr eeCode) ;
for (int i =last; i >=0; i--) // process forward reference |ist

AddToDat aBase( Nane[i], DegreeCode);
}

Exercises

11.2 Develop an attribute grammar and corresponding parser to handle the evaluation of ai
expression where there may be an optional leadimg sign (as exemplified by
+9* (- 6+5)).

11.3 Develop an attribute grammar for the 8-bit ASSEMBLER language used in section 4.3
use it to build an assembler for this language.

11.4 Develop an attribute grammar for the stack ASSEMBLER language used in section 4..
use it to build an assembler for this language.
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12 USING COCO/R - OVERVIEW

One of the main reasons for developing attributed grammars like those discussed in the las
is to be able to use them as input to compiler generator tools, and so construct complete pr
It is the aim of this chapter and the next to illustrate how this process is achieved with Cocc
to discuss the Cocol specification language in greater detail than before. Our discussion wi
usual, focus mainly on42 applications, but a study of the documentation and examples on t
diskette should allow Modula-2, Pascal and "traditional C" readers to develop in those lang
just as easily.

12.1 Installing and running Coco/R

On the diskette that accompanies this book can be found three implementations of Coco/R
generate applications in G/€ Modula-2, or Turbo Pascal. These have been configured for €
use on MS-DOS based systems. Versions of Coco/R are also available for use with many ¢
compilers and operating systems. These can be obtained from several sites on the Internet
some of these appears in Appendix A.

The installation and execution of Coco/R is rather system-specific, and readers will be oblic
make use of the documentation that is provided on the diskette. Nevertheless, a brief overy
the process can usefully be given here.

12.1.1 Installation

The MS-DOS versions of Coco/R are supplied as compressed, self-extracting executable fi
for these the installation process requires a user to

create a system directory to store the system filk@ R C:\ cocq);

make this the active directorgg C:\ cocq;

copy the distribution file to the system directobpfY A: COCORC. EXE C: \ COCQ);

start the decompression proces3RC] (this process will extract the files, and create fur

subdirectories to contain Coco/R and its support files and library modules);

® add the system directory to the MS-DOS "path"” (this may often most easily be done b

modifying thePATH statement in theUTOEXEC. BAT file);

compile the library support modules;

® modify the host compiler and linker parameters, so that applications created by Coco/
easily be linked to the support modules;

® set an "environment variable”, so that Coco/R can locate its "frame files" (this may oft

easily be done by adding a line liIBET CRFRAMES = C:\ COCO FRAMES to theAUTOEXEC. BAT

file).

12.1.2 Input file preparation

For each application, the user has to prepare a text file to contain the attributed grammar. F
be aware of are that



® it is sensible to work within a "project directory” (say WORK) and not within the "system
directory" (. \ cocO);

® text file preparation must be done with an ASCII editor, and not with a word processor

® by convention the file is named with a primary name that is based on the grammar’s g
symbol, and with anATG' extension, for exampleALC. ATG.

Besides the grammar, Coco/R needs to be able tdraaeé files. These contain outlines of the
scanner, parser, and driver files, to which will be added statements derived from an analysi
attributed grammar. Frame files for the scanner and parser are of a highly standard form; tt
supplied with the distribution are suitable for use in many applications without the need for
customization. However, a complete compiler consists of more than just a scanner and par
particular it requires a driver program to call the parser. A basic driver framedv@ (ER. FRM)
comes with the kit. This will allow simple applications to be generated immediately, but it is
usually necessary to copy this basic file to the project directory, and then to edit it to suit the
application. The resulting file should be given the same primary name as the grammar file,
FRMextension, for exampleaLC. FRM

12.1.3 Execution

Once the input files have been prepared, generation of the application is started with a con
like

COCOR CALC. ATG

A number of compiler options may be specified in a way that is probably familiar, for examg

COCOR -L -C CALC ATG

The options depend on the particular version of Coco/R in use. A summary of those availat
be obtained by issuing tlt®cor command with no parameters at all, or with onlyHgarameter.
Compiler options may also be selectedpbgigmas embedded in the attributed grammar itself,

this is probably the preferred approach for serious applications. Examples of such pragmas
found in the case studies later in this chapter.

12.1.4 Output from Coco/R

Assuming that the attributed grammar appears to be satisfactory, and depending on the co
switches specified, execution of Coco/R will typically result in the production of header and
implementation files (with names derived from the goal symbol name) for

® a FSA scanner (for exampbaLCs. HPP andCALCS. CPP)

® a recursive descent parser (for exangalecP. HPP andCALCP. CPP)

® a driver routine (for exampleaLC. CPP)

® a list of error messages (for examphe.CE. H)

® a file relating the names of tokens to the integer numbers by which they will be known
parser (for exampleALccC. H)

12.1.5 Assembling the generated system

After they have been generated, the various parts of an application can be compiled and lir
one another, and with any other components that they need. The way in which this is done
very much on the host compiler. For a very simple MS-DOS application using the Boftand (
system, one might be able to use commands like



BCC -m -1C:\ COCON CPLUS2 -c CALC. CPP CALCS. CPP CALCP. CPP
BCC -m -LC:\COCO CPLUS2 -eCALC. EXE CALC. OBJ CALCS. 0OBJ CALCP.OBJ CR LIB.LIB

but for larger applications the use ahakefile is probably to be preferred. Examples of makef
are found on the distribution diskette.

12.2 Case study - a simple adding machine

Preparation of completely attributed grammars suitable as input to Coco/R requires an in-d
understanding of the Cocol specification language, including many features that we have n
encountered. Sections 12.3 and 12.4 discuss these aspects in some detail, and owe much
original description by Méssenbdck (1990a).

The discussion will be clarified by reference to a simple example, chosen to illustrate as me
features as possible (as a result, it may appear rather contrived). Suppose we wish to cons
adding machine that can add numbers arranged in various groups into subtotals, and then
these subtotals to a running grand total, or reject them. Our numbers can have fractional pz
to be perverse we shall allow a shorthand notation for handling ranges of numbers. Typical
exemplified by

start the machine

one subtotal 10+20+3+4+5+6+7, accepted
anot her one, but rejected

and a third, this tinme accepted

di splay grand total and then stop

cl ear

10 + 20 + 3 .. 7 accept
3.4 + 6.875..50 cancel
3 + 4 + 6 accept

tot al

~————
~————

Correct input of this form can be described by a simple LL(1) grammar that we might try inif
specify in Cocol on the lines of the following:

COWPI LER Cal ¢

CHARACTERS
digit = "0123456789" .
TOKENS
nunber =digit { digit } [ "." digit { digit } ] .
PRODUCTI ONS
Cal c = "clear" { Subtotal } "total" .
Subtotal = Range { "+" Range } ( "accept" | "cancel" ) .
Range = Amount [ ".." Anount ] .
Amount = nunber .
END Cal c.

In general a grammar like this can itself be described in EBNF by

Cocol = "COWPI LER' Coal I dentifier
ArbitraryText
Scanner Speci ficati on
Par ser Speci fi cation
"END' Goal Identifier "."

We note immediately that the identifier after the keywamdPl LER gives the grammar name, ar
must match the name after the keywekd. The grammar name must also match the name cf
for the non-terminal that defines the goal symbol of the phrase structure grammar.

Each of the productions leads to the generation of a corresponding parsing routine. It shoul
take much imagination to see that the routines in our case study will also need to perform



operations like

® converting the string that defines@er token into a corresponding numerical value. Tl
we need mechanisms for extracting attributes of the various tokens from the scanner -
recognizes them.

® adding such numbers into variables declared for the purpose of recording totals and s
and passing these values between the routines. Thus we need mechanisms for decla
parameters and local variables in the generated routines, and for incorporating arithm
statements.

® displaying the values of the variables on an output device. Thus we need mechanism:
interfacing our parsing routines to external library routines.

® reacting sensibly to input data that does not conform to the proper syntax. Thus we ne
mechanisms for specifying how error recovery should be accomplished.

® reacting sensibly to data that is syntactically correct, but still meaningless, as might he
one was asked to process numbers in the range 6 .. 2. Thus we need mechanisms fo
semantic and constraint violations.

These mechanisms are all incorporated into the grammar by attributing it with extra informe
discussed in the next sections. As an immediate example of this, arbitrary text may follow t|
Goalldentifier, preceding th&canner Specification. This is not checked by Coco/R, but is simpl
incorporated directly in the generated parser. This offers the facility of providing cadeéer
clauses in Modula-2JsSes clauses in Turbo Pascal,#mcl ude directives in G+, and for the
declaration of global objects (constants, types, variables or functions) that may be needed |
semantic actions.

12.3 Scanner specification

A scanner has to read source text, skip meaningless characters, and recognize tokens that
handled by the parser. Clearly there has to be some way for the parser to retrieve informati
these tokens. The most fundamental information can be returned in the form of a simple int
unique to the type of token recognized. While a moment’s thought will confirm that the men
such an enumeration will allow a parser to perform syntactic analysis, semantic properties |
the numeric value of thaunber that appears in our example grammar) may require a token t
analysed in more detail. To this end, the generated scanner allows the parser to retersméeh
or textual representation of a token.

Tokens may be classified either as literals or as token classes. As we have already seen, li
"END" and " =") may be introduced directly into productions as strings, and do not need to b«
named. Token classes (suchdentifiers or numbers) must be named, and have structures that
specified by regular expressions, defined in EBNF.

In Cocol, a scanner specification consists of six optional parts, that may, in fact, be introduc
arbitrary order.

Scanner Specification = { CharacterSets
| I'gnorable
| Comments
| Tokens

| Pragnas

| User Nanes



12.3.1 Character sets

The Character Sets component allows for the declaration of names for character sets like lette
digits, and defines the characters that may occur as members of these sets. These names
be used in the other sections of the scanner specification (but not, it should be noted, in the
specification).

Char act er Set s "CHARACTERS" { NanedChar Set } .

NarmedChar Set = Setldent "=" CharacterSet "." .

Char act er Set = SinpleSet { ( "+" | "-" ) SinpleSet } .

Si npl eSet = Setldent | string | SingleChar [ ".." SingleChar ] | "ANY" .
Si ngl eChar = "CHR' "(" nunber ")" .

Set | dent = identifier .

Simple character sets are denoted by one of

Setldent a previously declared character set with that name
Sring a set consisting of all characters in the string
CHR(i) a set of one character with ordinal value

CHR(i) .. CHR(j) a set consisting of all characters whose ordinal
values are in the range. j.
ANY the set of all characters acceptable to the implementation
Simple sets may then be combined by the union (+) and difference operators (

As examples we might have

digit = "0123456789" . /* The set of all digits */

hexdigit = digit + "ABCDEF" . [* The set of all hexadecimal digits */

eol = CHR(10) . /* Line feed character */

noDi gi t = ANY - digit . /* Any character that is not a digit */
ctrlChars = CHR(1) .. CHR(31) . /* The ASCI| control characters */
InString = ANY - """ - eol . /* Strings may not cross |ine boundaries */

12.3.2 Comments and ignor able characters

Usually spaces within the source text of a program are irrelevant, and in scanning for the si
token, a Coco/R generated scanner will simply ignore them. Other separators like tabs, line
and form feeds may also be declared irrelevant, and some applications may prefer to ignor
distinction between upper and lower case input.

Comments are difficult to specify with the regular expressions used to denote tokens - inde
nested comments may not be specified at all in this way. Since comments are usually disce
parsing process, and may typically appear in arbitrary places in source code, it makes sens
a special construct to express their structure.

Ignorable aspects of the scanning process are defined in Cocol by

Conmrent s
I gnor abl e

" COWENTS' "FROM TokenExpr "TO TokenExpr [ “NESTED' ] .
"I GNORE" ( "CASE' | CharacterSet ) .

where the optional keywont=STED should have an obvious meaning. A practical restriction is
comment brackets must not be longer than 2 characters. It is possible to declare several kil
comments within a single grammar, for example, fer:C

COMVENTS FROM "/*" TO "*/"
COMMVENTS FROM "/ /" TO eol
| GNORE CHR(9) .. CHR(13)



The set of ignorable characters in this example is that which includes the standard white sg
separators in ASCII files. The null charaateR(0) should not be included in any ignorable set
is used internally by Coco/R to mark the end of the input file.

12.3.3 Tokens

A very important part of the scanner specification declares the form of terminal tokens:

Tokens = "TOKENS" { Token }
Token = TokenSynbol [ "=" TokenExpr "." ]
TokenExpr = TokenTerm{ "|" TokenTerm }
TokenTerm = TokenFactor { TokenFactor } [ "CONTEXT" "(" TokenExpr ")" ] .
TokenFactor = Setldent | string
| "(" TokenExpr ")"
| "[" TokenExpr "]"

| "{" TokenExpr "}"
Tokenl dent | string .
identifier .

TokenSynbo
Tokenl dent

Tokens may be declared in any order. A token declaration defif@®aSymbol together with its
structure. Usually the symbol on the left-hand side of the declaration is an identifier, which |
used in other parts of the grammar to denote the structure described on the right-hand side
declaration by a regular expression (expressed in EBNF). This expression may contain litel
denoting themselves (for examplkb"), or the names of character sets (for exartgiter),
denoting an arbitrary character from such sets. The restriction to regular expressions mean
may not contain the names of any other tokens.

While token specification is usually straightforward, there are a number of subtleties that m
emphasizing:

® Since spaces are deemed to be irrelevant when theyhstween tokens in the input for
most languages, one should not attempt to declare literal tokens that havergiharcédsem.

® Our case study has introduced but one explicit token class:
number = digit { digit } [ "." digit { digit } ]

However it has also introduced tokens likeéar ", "cancel " and "..". This last one is
particularly interesting. A scanner might have trouble distinguishing the tokens in inpu

3.. 54 + 54.16.4 + 50..80

because in some cases the periods form part of a real literal, in others they form part «
ellipsis. This sort of situation arises quite frequently, and Cocol makes special provisic
An optionalCONTEXT phrase in &okenTerm specifies that this term only be recognized w
its right-hand context in the input stream is TlokenExpr specified in brackets. Our case
study example requires alteration:

TOKENS
nunber = digit { digit } [ "." digit { digit } ]
| digit { digit } CONTEXT ( ".." ) .
® The grammar for tokens allows for empty right-hand sides. This may seem strange, e:
as no scanner is generated if the right-hand side of a declaration is missing. This facil
used if the user wishes to supply a hand-crafted scanner, rather than the one generat
Coco/R. In this case, the symbol on the left- hand side of a token declaration may alsc
be specified by atring, with no right-hand side.



® Tokens specified without right-hand sides are numbered consecutively starting from O
the hand-crafted scanner has to return token codes according to this numbering scheil

12.3.4 Pragmas

A pragma, like a comment, is a token that may occur anywhere in the input stream, but, un
comment, it cannot be ignored. Pragmas are often used to allow programmers to select col
switches dynamically. Since it becomes impractical to modify the phrase structure gramma
handle this, a special mechanism is provided for the recognition and treatment of pragmas.
they are declared like tokens, but may have an associated semantic action that is executec
they are recognized by the scanner.

Pragnmas = "PRAGVAS' { Pragnma }
Pragma = Token [ Action ] .
Action = "(." arbitraryText ".)"

As an example, we might add to our case study

PRAGVAS
page = "page" . (. printf("\f"); .)
to allow the worcbage to appear anywhere in the input data; each appearance would have tl
of moving to a new page on the output.

12.3.5 User names

The scanner and parser produced by Coco/R use small integer values to distinguish token:
makes their code harder to understand by a human reader (some would argue that human:
never need to read such code anyway). When used with appropriate options, Coco/R can ¢
code that uses names for the tokens. By default these names have a rather stereotyped fol
example "..." would be namegdadi nt poi nt poi nt Sym'). The UserNames section may be used to
prefer user-defined names, or to help resolve name clashes (for example, between the def:
that would be chosen fopdi nt " and ".").

User Names
User Nane

"NAMES' { UserNanme } .
Tokenldent "=" ( identifier | string ) "."

As examples we might have

NAMES
period
ellipsis

12.3.6 The scanner interface

The scanner generated by Coco/R declares various procedures and functions that may be
from the parser whenever it needs to obtain a new token, or to analyse one that has alread
recognized. As it happens, a user rarely has to make direct use of this interface, as the ger
parser incorporates all the necessary calls to the scanner routines automatically, and also |
facilities for retrieving lexemes.

The form of the interface depends on the host system. For example, ferther€ion, the

interface is effectively that shown below, although there is actually an underlying class hier:
so that the declarations are not exactly the same as those shown. The reader should take r
there are various ways in which source text may be retrieved from the scanner (to underste
in full it will be necessary to study the class hierarchy, but easier interfaces are provided fol



parser; see section 12.4.6).

cl ass granmmar Scanner
{ public:
grammar Scanner (i nt SourceFile, int ignoreCase);
/'l Constructs scanner for grammar and associates this with a
/'l previously opened SourceFile. Specifies whether to | GNORE CASE

int Get();
/1 Retrieves next token from source

voi d GetString(Token *Sym char *Buffer, int Mx);
/! Retrieves at nost Max characters from Syminto Buffer

voi d CGet Nanme( Token *Sym char *Buffer, int Mx);
/1 Retrieves at nost Max characters from Syminto Buffer
/1 Buffer is capitalized if | GNORE CASE was specified

| ong GetLine(long Pos, char *Line, int Max);
/!l Retrieves at nost Max characters (or until next |ine break)
/1 fromposition Pos in source file into Line

12.4 Par ser specification

The parser specification is the main part of the input to Coco/R. It contains the productions
attributed grammar specifying the syntax of the language to be recognized, as well as the ¢
be taken as each phrase or token is recognized.

12.4.1 Productions

The form of the parser specification may itself be described in EBNF as follows. For the Mc
and Pascal versions we have:

Par ser Speci fication "PRODUCTI ONS* { Production } .

Production NonTernminal [ Formal Attributes ]
[ Local Decl arations ] (* Modul a-2 and Pascal *)
"=" Expression "." .

Formal Attri butes = "<" arbitraryText ">" | "<." arbitraryText ".>"

Local Decl ar ati ons = "(." arbitraryText ".)"

NonTer mi nal = identifier .

For the C and &+ versions théd.ocal Declarations follow the '=" instead:

Producti on = NonTerminal [ Formal Attributes ]
"=" [ Local Declarations ] /* C and C++ */
Expression "."

Any identifier appearing in a production that was not previously declared as a terminal toke
considered to be the name dllenTerminal, and there must be exactly one production for eac
NonTerminal that is used in the specification (this may, of course, specify a list of alternative
sides).

A production may be considered as a specification for creating a routine that parses the
NonTerminal. This routine will constitute its own scope for parameters and other local comp
like variables and constants. The left-hand sideRyfoduction specifies the name of the
NonTerminal as well as it§-ormal Attributes (which effectively specify the formal parameters o
the routine). In the Modula-2 and Pascal versions the optimcalDeclarations allow the
declaration of local components to precede the block of statements that follow. The € and ¢
versions define their local components within this statement block, as required by the host
language.



As in the case of tokens, some subtleties in the specification of productions should be emp
® The productions may be given in any order.
® A production must be given for@oalldentifier that matches the name used for the gram

® The formal attributes enclosed in angle bracketahd >" (or "<. " and " >") simply consis
of parameter declarations in the host language. Similarly, where they are required anc
permitted, local declarations take the form of host language declarations enclgsédimd
".)" brackets. However, the syntax of these components is not checked by Coco/R; tt
to the responsibility of the compiler that will actually compile the generated applicatior

® All routines give rise to "regular procedures” (in Modula-2 terminology) or "void functic
(in C++ terminology). Coco/R cannot construct true functions that can be called from w
other expressions; any return values must be transmitted using reference parameter
mechanisms.

® The goal symbol may not have aRgrmal Attributes. Any information that the parser is
required to pass back to the calling driver program must be handled in other ways. At
this may prove slightly awkward.

® While a production constitutes a scope for its formal attributes and its locally declared
objects, terminals and non-terminals, globally declared objects, and imported modules
visible in any production.

® [t may happen that an identifier chosen as the naméoh&erminal may clash with one of
the internal names used in the rest of the system. Such clashes will only become app:i
when the application is compiled and linked, and may require the user to redefine the
grammar to use other identifiers.

TheExpression on the right-hand-side of eaBhoduction defines the context-free structure of
some part of the source language, together with the attributes and semantic actions that sp
the parser must react to the recognition of each component. The syntaxxpf ession may itself
be described in EBNF (albeit not in LL(1) form) as

Expr essi on
Term
Fact or

Term{ "|" Term} .
Factor { Factor } .
[ "WEAK" ] TokenSynbol

| NonTerminal [ Attributes ]

| Action

| "ANY"

| "SYNC'

| "(" Expression ")"

| "[" Expression "]"

| "{" Expression "}" .

Attributes = "<" arbitraryText ">" | "<." arbitraryText ".>"
Action = "(." arbitraryText ".)"

The Attributes enclosed in angle brackets that may folloWamTerminal effectively denote the
actual parameters that will be used in calling the corresponding routindotiTarminal is definec
on the left-hand side ofRroduction to haveFormal Attributes, then every occurrence of that
NonTerminal in a right-hand sid&xpression must have a list of actual attributes that correspor

the Formal Attributes according to the parameter compatibility rules of the host language. Ho
the conformance is only checked when the generated parser is itself compiled.

An Action is an arbitrary sequence of host language statements enclogsetand " ) ". These



are simply incorporated into the generated parsgtu; once again, no syntax is checked at the
stage.

These points may be made clearer by considering a development of part of our case study.
hopefully needs little further explanation:

PRODUCTI ONS

Cal c /* goal */
= (. double total = 0.0, sub; .) /* locals */
"clear"

{ Subtotal <sub> (. total += sub; .) /* add to total */
"total" (. printf(" total: 9%.2f\n", total); .) /* display */
Subt ot al <doubl e &s> /* ref param */

= (. double r; .) /* local */
Range<s>
{ "+" Range<r> (. s +=7r1; .) /* add to s */
( "accept" (. printf("subtotal: 9%.2f\n", s); .) /* display */
| "cancel" (. s =0.0; .) [* nullify */

) .

Although the input to Coco/R is free-format, it is suggested that the regular EBNF appear o
left, with the actions on the right, as in the example above.

Many aspects of parser specification are straightforward, but there are some subtleties that
comment:

Where it appears, the keywosdy denotes any terminal that cannot follamy in that
context. It can conveniently be used to parse structures that contain arbitrary text.

TheWeAK andSYNC keywords are used in error recovery, as discussed in the next sectic

In earlier versions of Coco/R there was a potential pitfall in the specification of attribut
Suppose the urge arises to attribuddoaTerminal as follows:

SoneNonTerm nal < record->field >

where the parameter uses the right arrow selection operatoiSince the 2" would
normally have been taken as a Cocol meta-bracket, this had to be recoded in terms o
operators as

SomeNonTermi nal < (*record).field >

The current versions of Coco/R allow for attributes to be demarcated 'bgrid " >"
brackets to allow for this situation, and for other operators that involvedharacter.

Close perusal of the grammar texpression will reveal that it is legal to write Broduction
in which anAction appears to be associated with an alternative faxpression that
contains no terminals or non- terminals at all. This feature is often useful. For example
might have

Option =  "push" (. stack[++top] = item
| "pop" (. item= stack[top--];
i

)
(. for (int i = top; %)

> i--) cout << stack[i]; .) .

Another useful feature that can be exploited is the ability @&aion to drive the parsing
process "semantically”. For example, the specification of assignment statements and
procedure calls in a simple language might be defined as follows so as to conform to |



restrictions
AssignmentOrCall = Identifier [ ":=" Expression ] .

Clearly the semantics of the two statement forms are very different. To handle this we
write the grammar on the lines of

Assi gnment O Cal |
= ldentifier<nane> (. Lookup(nane);
if (1sProcedure(nane))
{ Handl eCal | (nanme); return; } .)
":=" Expression<val ue> (. Handl eAssi gnnent (nane, value); .) .

12.4.2 Syntax error recovery

Compiler generators vary tremendously in the way in which they provide for recovery from
syntactic errors, a subject that was discussed in section 10.3.

The technique described there, although systematically applicable, slows down error-free
inflates the parser code, and is relatively difficult to automate. Coco/R uses a simpler techn
suggested by Wirth (1986), since this has proved to be almost as effective, and is very eas
understood. Recovery takes place only at a rather small numdyerchf onization pointsin the
grammar. Errors at other points are reported, but cause no recovery - parsing simply contir
the next synchronization point. One consequence of this simplification is that many spuriou
are then likely to be detected for as long as the parser and the input remain out of step. An
technique for handling this is to arrange that errors are simply not reported if they follow toc
closely upon one another (that is, a minimum amount of text must be correctly parsed after
error is detected before the next can be reported).

In the simplest approach to using this technique, the designer of the grammar is required tc
synchronization points explicitly. As it happens, this does not usually turn out to be a difficu
the usual heuristic is to choose locations in the grammar where especially safe terminals al
expected that are hardly ever missing or mistyped, or appear so often in source code that t
bound to be encountered again at some stage. In most Pascal-like languages, for example
candidates for synchronization points are the beginning of a statement (where keywomrlaté
VWH LE are expected), the beginning of a declaration sequence (where keywoatsidik@andvAR
are expected), or the beginning of a type definition (where keyword=sadaRD andARRAY are
expected).

In Cocol, a synchronization point is specified by the keyvgsret, and the effect is to generate
code for a loop that is prepared simply to consume source tokens until one is found that wc
acceptable at that point. The sets of such terminals can be precomputed at parser generati
They are always extended to include the end-of-file symbol (denoted by the kexpwprtthus

guaranteeing that if all else fails, synchronization will succeed at the end of the source text.

For our case study we might choose the end of the routine for handling a subtotal as such
Subtotal = Range { "+" Range } SYNC ( "accept" | "cancel" ) .
This would have the effect of generating code on the following lines:

PROCEDURE Subt ot al ;
BEG N
Range;
WHI LE Sym = plus DO Get Sym Range END;
VWHI LE Sym & { accept, cancel, ECF } DO Get Sym END;

IF Sym€ { accept, cancel } THEN Get Sym END;



END

The union of all the synchronization sets (which we shall deno#élByncs) is also computed by
Coco/R, and is used in further refinements on this idea. A terminal can be designatesaioihe
a certain context by preceding its appearance in the phrase structure grammar with the key
VEAK. A weak terminal is one that might often be mistyped or omitted, such as the semicolo
between statements. When the parser expects (but does not find) such a terminal, it adopt:
strategy of consuming source tokens until it recognizes either a legal successor of the weal
terminal, or one of the membersAlfSyncs - since terminals expected at synchronization poin
considered to be very "strong", it makes sense that they never be skipped in any error reco
process.

As an example of how this could be used, consider altering our case study grammar to rea

Cal c = WEAK "cl ear" Subtotal { Subtotal } WEAK "total" .
Subtotal = Range { "+" Range } SYNC ( "accept" | "cancel" ) .
Range = Anmount [ ".." Amount ] .

Anmount = nunber .

This would give rise to code on the lines of

PROCEDURE Cal c;
BEG N
Expect Weak(cl ear, FIRST(Subtotal)); (* ie { nunber } *)
Subtotal; WHI LE Sym = nunber DO Subtotal END;
Expect Wak(total, { EOF })
END

TheExpect Weak routine would be internal to the parser, implemented on the lines of:

PROCEDURE Expect Weak (Expected : TERM NAL; WakFol | owers : SYMSET);
BEG N
| F Sym = Expect ed
THEN Get Sym
ELSE
Report Err or (Expect ed) ;

WHI LE sym & (WeakFol | owers + Al'l Syncs) DO Get Sym END
END
END

Weak terminals give the parser another chance to synchronize in case of an error. The
WeakFol | oner sets can be precomputed at parser generation time, and the technique cause
run-time overhead if the input is error-free.

Frequently iterations start with a weak terminal, in situations described by EBNF of the forn

Sequence = FirstPart { "WEAK' ExpectedTerm nal |IteratedPart } LastPart .

Such terminals will be callegeak separators and can be handled in a special way: if the
ExpectedTerminal cannot be recognized, source tokens are consumed until a terminal is fou
is contained in one of the following three sets:

FOLLOW/(ExpectedTerminal) (that is, FIRSTiteratedPart))
FIRST (LastPart)
AllSyncs

As an example of this, suppose we were to modify our case study grammar to read
Subtotal = Range { WEAK "+" Range } ( "accept" | "cancel" ) .

The generated code would then be on the lines of



PROCEDURE Subt ot al ;
BEG N
Range;
WH LE WeakSeparat or (plus, { nunmber }, { accept, cancel } ) DO
Range
END;

IF Sym € {accept, cancel } THEN Get Sym END;
END

TheweakSepar at or routine would be implemented internally to the parser on the lines of

BOOLEAN FUNCTI ON WeakSepar at or (Expected : TERM NAL;
WeakFol | owers, IterationFollowers : SYMSET);
BEG N
| F Sym = Expected THEN Get Symy RETURN TRUE

ELSIF Sym € |terationFol | owers THEN RETURN FALSE
ELSE
Report Err or ( Expect ed) ;

WH LE Sym & (WeakFol I owers + IterationFollowers + All Syncs) DO
Get Sym
END;

RETURN Sym € WeakFol | overs
END
END

Once again, all the necessary sets can be precomputed at generation time. Occasionally, i
embedded grammars, the inclusiorAfSyncs (which tends to be "large") may detract from the
efficacy of the technique, but with careful choice of the placingeak andsyNC keywords it can
work remarkably well.

12.4.3 Grammar checks

Coco/R performs several tests to check that the grammar submitted to it is well-formed. In
particular it checks that

® each non-terminal has been associated with exactly one production;

® there are no useless productions (in the sense discussed in section 8.3.1);

® the grammar is cycle free (in the sense discussed in section 8.3.3);

® all tokens can be distinguished from one another (that is, no two terminals have been
to have the same structure).

If any of these tests fail, no code generation takes place. In other respects the system is m¢
lenient. Coco/R issues warnings if analysis of the grammar reveals that

® a non-terminal is nullable (this occurs frequently in correct grammars, but may someti
indicative of an error);

® the LL(1) conditions are violated, either because at least two alternatives for a produc
have FIRST sets with elements in common, or because the FIRST and FOLLOWER ¢
nullable string have elements in common.

If Coco/R reports an LL(1) error for a construct that involves alternatives or iterations, the u
should be aware that the generated parser is highly likely to misbehave. As simple example
productions like the following

"a" A
[ e
{ "

a" B.
"

] .
}ord .

0O T
nn
Ow—

result in generation of code that can be described algorithmically as

IF Sym= "a" THEN Accept("a"); A ELSIF Sym = "a" THEN Accept("a"); B END;



IF Sym= "¢" THEN Accept("c"); B END; Accept("c");

WHI LE Sym = "d" DO Accept("d"); C END; Accept("d");
Of these, only the second can possibly ever have any meaning (as it does in the case of th
"dangling else"). If these situations arise it may often be necessary to redesign the gramme

12.4.4 Semanticerrors

The parsers generated by Coco/R handle the reporting of syntax errors automatically. The
driver programs can summarize these errors at the end of compilation, along with source c
and column references, or produce source code listings with the errors clearly marked with
explanatory messages (an example of such a listing appears in section 12.4.7). Pure synta
cannot reveal static semantic errors, but Coco/R supports a mechanism whereby the grami
designer can arrange for such errors to be reported in the same style as is used for syntact
The parser class has routines that can be called from within the semantic actions, with an €
number parameter that can be associated with a matching user-defined message.

In the grammar of our case study, for example, it might make sense to introduce a semanti
into the actions for the non-termirrdnge. The grammar allows for a range of values to be
summed; clearly this will be awkward if the "upper” limit is supplied as a lower value than tt
"lower" limit. The code below shows how this could be detected, resulting in the reporting o
semantic error 200.

Range<doubl e &r>
= (. double low, high; .)
Amount <| ow> (. r=low .)
[ ".." Amount<hi gh> (. if (low > high) SenError(200);

else while (low < high) { low+, r += low } .)
] .

(Alternatively, we could also arrange for the system to run the loop in the appropriate direct
not regard this as an error at all.) Numbers chosen for semantic error reporting must start a
fairly large number to avoid conflict with the low numbers chosen internally by Coco/R to re
syntax errors.

12.4.5 Interfacing to support modules

It will not have escaped the reader’s attention that the code specified in the actions of the a
grammar will frequently need to make use of routines that are not defined by the grammar |
Two typical situations are exemplified in our case study.

Firstly, it has seen fit to make use of thent f routine from thest di o library found in all
standard C and-G implementations. To make use of such routines - or ones defined in othe
support libraries that the application may need - it is necessary simply to incorporate the ag
#def i ne, | MPORT Or USES clauses into the grammar before the scanner specification, as disc
in section 12.2.

Secondly, the need arises in routines Akeunt to be able to convert a string, recognized by tt
scanner as a number, into a numerical value that can be passed back via a formal paramet
calling routine Range). This situation arises so frequently that the parser interface defines se
routines to simplify the extraction of this string. The productiomfieunt , when fully attributed,
might take the form

Anmount <doubl e &a>
= nunber (. char str[100];
LexString(str, 100);



a = atof(str); .) .

TheLexst ri ng routine (defined in the parser interface) retrieves the string into the localsstrir
whence it is converted to thieubl e valuea by a call to theat of function that is defined in the
stdli b library. If the functionality of routines likeexSt ri ng andLexName is inadequate, the ust
can incorporate calls to the even lower level routines defined in the scanner interface, such
mentioned in section 12.3.6.

12.4.6 The parser interface

The parser generated by Coco/R defines various routines that may be called from an applic
for the scanner, the form of the interface depends on the host system. Fer tleedbn, it
effectively takes the form below. (As before, there is actually an underlying class hierarchy,
declarations are really slightly different from those presented here).

The functionality provides for the parser to

initiate the parse for the goal symbol by callregse() .

investigate whether the parse succeeded by calliogessf ul ().

report on the presence of syntactic and semantic errors by lliBgr or andSenError .
obtain the lexeme value of a particular token in one of four wayst(ri ng, LexNane,
LookAheadSt ri ng andLookAheadNane). Calls toLexSt ri ng are most common; the others
are used for special variations.

cl ass granmar Par ser
{ public:
gr anmar Par ser (AbsScanner *S, CRError *E);
/1 Constructs parser associated with scanner S and error reporter E

void Parse();
/] Parses the source

int Successful ();
/!l Returns 1 if no errors have been recorded while parsing

private:
void LexString(char *lex, int size);
/! Retrieves at nost size characters fromthe nost recently parsed
/1 token into |ex

voi d LexName(char *lex, int size);
/1 Retrieves at nost size characters fromthe nost recently parsed
/1 token into lex, converted to upper case if | GNORE CASE was specified

voi d LookAheadString(char *lex, int size);
/1l Retrieves at nost size characters fromthe | ookahead token into |ex

voi d LookAheadNane(char *lex, int size);
/!l Retrieves at nost size characters fromthe | ookahead token into |ex,
/1 converted to upper case if | GNORE CASE was specified

voi d SynError(int errorcode);
/'l Reports syntax error denoted by errorcode

voi d SenError(int errorcode);
/'l Reports semantic error denoted by errorcode

/Il ... Prototypes of functions for parsing each non-term nal in grammar

H
12.4.7 A complete example

To place all of the ideas of the last sections in context, we present a complete version of th
attributed grammar for our case study:

$CX /* pragmas - generate conpiler, and use C++ cl asses */



COWPI LER Cal ¢

#i ncl ude <stdio. h>
#i ncl ude <stdlib. h>

CHARACTERS
digit = "0123456789" .

| GNORE CHR(9) .. CHR(13)

TOKENS
nunber = digit { digit } [ "." digit { digit } ]
| digit { digit } CONTEXT ( ".." ) .
PRAGVAS
page = "page" . (. printf("\f"); .)
PRODUCTI ONS
Cal c
= (. double total = 0.0, sub; .)
WEAK "cl ear"
{ Subt ot al <sub> (. total += sub; .)
} SYNC "total" (. printf(" total: 9%.2f\n", total); .)

Subt ot al <doubl e &s>

= (. double r; .)
Range<s>
{ WEAK "+" Range<r> (. s +=7r1; .)
} SYNC
( "accept” (. printf("subtotal: 9%.2f\n", s); .)
| "cancel" (. s =0.0; .)
) .

Range<doubl e &r >
= (. double low, high; .)
Anmount <l ow> (. r =low .
[ ".." Amount<hi gh> (. if (low > high) SenError(200);
el se while (low < high)
{ lowt+; r +=1low } .)

]

Anount <doubl e &a>

= nunber (. char str[100];
LexString(str, 100);
a = atof(str); .) .

END Cal c.

To show how errors are reported, we show the output from applying the generated system
that is fairly obviously incorrect.

1 clr
**%kxx A clear expected (E2)
2 1 +2+3.. 4+ 4.5 accep

*okok kK N+ expected (E4)
3 3.4 5 cancel

*okok ok ok N+ expected (E4)
4 3 +4 .. 2+ 6 accept

el N H gh < Low (E200)
5 TOTAL

*xx%x% A unexpected synbol in Calc (E10)

12.5 Thedriver program

The most important tasks that Coco/R has to perform are the construction of the scanner a
However, these always have to be incorporated into a complete program before they becor

12.5.1 Essentials of the driver program

Any main routine for a driver program must be a refinement of ideas that can be summarize



BEG N
Open( Sour ceFil e);
| F Okay THEN
I nst anti at eScanner ;
I nstanti at eErr or Handl er;
I nstanti at ePar ser;
Parse();
I F Successful () THEN ApplicationSpecificActi on END
END
END

Much of this can be automated, of course, and Coco/R can generate such a program, cons
its other components. To do so requires the use of an appropriate frame file. A generic vers
this is supplied with the distribution. Although it may be suitable for constructing simple
prototypes, it acts best as a model from which an application-specific frame file can easily k
derived.

12.5.2 Customizing thedriver framefile
A customized driver frame file generally requires at least three simple additions:

® |t is often necessary to declare global or external variables, and to add application spe
#i ncl ude, USES orl MPORT directives so that the necessary library support will be provi

® The section dealing with error messages may need extension if the grammar has mac
the facility for adding errors to those derived by the parser generator, as discussed in
12.4.4. For example, the defaukCdriver frame file has code that reads

char *MyError:: Get User ErrorMsg(int n)
{ switch (n) {
/1 Put your custom zed nmessages here
default: return "Unknown error";
}
}

To tailor this to the case study application we should need to add an optiosotttie
statement:

char *MyError:: Get User ErrorMsg(int n)
{ switch (n) {
case 200: return "High < Low';
default: return "Unknown error";
}
}

® Finally, at the end of the default frame file can be found code like

/1 instantiate Scanner, Parser and Error handl er
Scanner = new -->ScanC ass(S src, -->lgnoreCase);
Error new MyError ( Sour ceNanme, Scanner);

Par ser new -->Parser Cl ass(Scanner, Error);

/] parse the source
Par ser - >Par se() ;
cl ose(S_src);

// Add to the followi ng code to suit the application

if (Brror->Errors) fprintf(stderr, "Conpilation errors\n");
if (Listinfo) SourcelListing(Error, Scanner);

else if (Error->Errors) Error->Summari zeErrors();

del et e Scanner;
del ete Parser;
delete Error;

}
the intention of which should be almost self explanatory. For example, in the case of ¢



compiler/interpreter such as we shall discuss in a later chapter, we might want to mod
to read

/'l generate source listing
FILE *Ist = fopen("listing");
Error->Set Qut put (I st);
Error->PrintListing(Scanner);
fclose(lst);

if (Brror->Errors)

fprintf(stderr, "Conpilation failed - see %\n", ListNange);
el se {
fprintf(stderr, "Conpilation successful\n");

CGen- >get si ze(codel ength, initsp);
Machi ne- >i nter pret (codel ength, initsp);

}

Exercises

12.1 Study the code produced by Coco/R from the grammar used in this case study. How ¢
does it correspond to what you might have written by hand?

12.2 Experiment with the grammar suggested in the case study. What happeosNfHxe
clause is omitted in the scanner specification? What happens if the placememraktardsyNC
keywords is changed?

12.3 Extend the system in various ways. For example, direct output to a file otherdban use
thei ost r eans library rather than thet di o library, develop the actions so that they conform tc
"traditional" C (rather than using reference parameters), or arrange that ranges can be corr
interpreted in either order.

Further reading

The text by Rechenberg and Mossenbdck (1989) describes the original Coco system in gre
This system did not have an integrated scanner generator, but made use of one known as .
(Mdssenbock, 1986). Dobler and Pirklbauer (1990) and Dobler (1991) discuss Coco-2, a ve
Coco that incorporated automatic and sophisticated error recovery into table-driven LL(1) p
Literature on the inner workings of Coco/R is harder to come by, but the reader is referred 1
papers by Mdssenbdck (1990a, 1990b).
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13 USING COCOI/R - CASE STUDIES

The best way to come to terms with the use of a tool like Coco/R is to try to use it, so in this
we make use of several case studies to illustrate how simple and powerful a tool it really is.

13.1 Case study - Under standing C declarations

It is generally acknowledged, even by experts, that the syntax of declarations in &-arzh®e
quite difficult to understand. This is especially true for programmers who have learned Past
Modula-2 before turning to a study of C or+«C Simple declarations like

int x, |ist[100];

present few difficultiesx(is a scalar integer;j st is an array of 100 integers). However, in
developing more abstruse examples like

char **a; // ais a pointer to a pointer to a character

int *b[10]; /1l bis an array of 10 pointers to single integers
int (*c)[10]; // c is a pointer to an array of 10 integers

doubl e *d(); /1 dis a function returning a pointer to a double
char (*e)(); /!l eis a pointer to a function returning a character

it is easy to confuse the placement of the various brackets, parentheses and asterisks, perl
writing syntactically correct declarations that do not mean what the author intended. By the
one is into writing (or reading) declarations like

short (*(*f()

IO
doubl e (*(*g[50])()

)[15];

there may be little consolation to be gained from learning that C was designed so that the s
declarations (defining occurrences) should mirror the syntax for access to the correspondin
guantities in expressions (applied occurrences).

Algorithms to help humans unravel such declarations can be found in many text books - for
example, the recent excellent one by King (1996), or the original description of C by Kernig
Ritchie (1988). In this latter book can be found a hand-crafted recursive descent parser for
converting a subset of the possible declaration forms into an English description. Such a pr
very easily specified in Cocol.

The syntax of the restricted form of declarations that we wish to consider can be described

Decl name Dcl ";" }

"’} DirectDel .

oz
DirectDcl = nane
| rectbDel "(" ")"
| Directbcl "[" [ nunber ] "]"

if we base the productions on those found in the usual descriptions of C, but change the na
match the one we have been using in this book. Although these productions are not in LL(1
it is easy to find a way of eliminating the troublesome left recursion. It also turns out to be
expedient to rewrite the production 10cl so as to use right recursion rather than iteration:

Decl = { name Dcl ";" } .



Del = "*" Dcl | DirectDecl .
DirectDel = ( name | "(" Dcl ")" ) { Suffix } .
Suffix — ww o omywm “[" [ number ] "1" .

When adding attributes we make use of ideas similar to those already seen for the convers
infix expressions into postfix form in section 11.1. We arrange to read the token stream fror
right, writing descriptions of some tokens immediately, but delaying the output of descriptio
others. The full Cocol specification follows readily as

$CX  /*
COWPI LER Decl

#i ncl ude <stdlib. h>
#i ncl ude <i ostream h>

CHARACTERS
digit = "0123456789" .
letter =
| GNORE CHR(9) .. CHR(13)
TOKENS

nunber = digit { digit

Generate Main Mdul e,

CH+ */

" ABCDEFCHI JKLMNOPQRSTUWKYZabcdef ghi j kI mopgr st uvwxyx_"

i

name = letter { letter
PRODUCTI ONS
Decl
= (. char Tipe[100]; .

{ name (. LexString(Tipe, sizeof(Tipe) - 1); .)
Dcl (. cout <<’ ' << Tipe << endl; .)
iy

Del
= "xt Del (. cout << " pointer to"; .)
| DirectDcl
Di r ect Dcl
= (. char Nane[100];
( name (. LexString(Name, sizeof(Nanme) - 1);
cout <<’ ' << Nane << " is";
| (" Dol )"
) { Suffix } .
Suffix
= (. char buff[100]; .)
" (. cout << " array ["; .)
[ nunber (. LexString(buff, sizeof(buff) - 1);
cout << atoi (buff); .)
]
"1 (. cout << "] of"; .)
| o) (. cout << " function returning"; .) .
END Decl .
Exercises

13.1 Perusal of the original grammar (and of the equivalent LL(1) version) will suggest that
following declarations would be allowed. Some of them are, in fact, illegal in C:

int f()[100];
int 9()();
int x[100]()
int p[12][20];
int g[][100];
int r[100][];

/1
/1
i
1
/1
/1

Functions cannot return arrays

Functions cannot return functions

cannot decl are arrays of functions

are allowed arrays of arrays

are also allowed to declare arrays like this
We are not allowed to declare arrays like this

e
e
e

Can you write a Cocol specification for a parser that accepts only the valid combinations of
suffixes? If not, why not?

13.2 Extend the grammar to cater for the declaration of more than one item based on the s

as exemplified by



int f[100], *x, (*g)[100];

13.3 Extend the grammar and the parser to allow function prototypes to describe paramete
and to allow variable declarators to have initializers, as exemplified by

int x =10, y[3] ={ 4, 5 6 };
int z[2][2] ={{ 4, 5%}, {6 71}};
double f(int x, char &, double *z);

13.4 Develop a system that will do the reverse operation - read in a description of a declare
(such as might be output from the program we have just discussed) and construct the C co
corresponds to this.

13.2 Case study - Generating one-addr ess code from expressions

The simple expression grammar is, understandably, very often used in texts on programmil
language translation. We have already seen it used as the basis of a system to convert infi;
postfix (section 11.1), and for evaluating expressions (section 11.2). In this case study we ¢
how easy it is to attribute the grammar to generate one- address code for a multi-register r
whose instruction set supports the following operations:

LD Rx, val ue Rx := val ue (inmediate)

LDA Rx, vari abl e Rx := value of variable (direct)
ADD Rx, Ry RX 1= Rx + Ry

SUB Rx, Ry Rx := Rx - Ry

MIL Rx, Ry RX 1= Rx * Ry

DVD Rx, Ry Rx := Rx | Ry

For this machine we might translate some example expressions into code as follows:

a+b 5* 6 x [ 12 (a +b) * (c - 5)
LDA R1, a LD R1,5 LDA R1, x LDA Ri1,a RlL := a
LDA R2, b LD R2,6 LD R2, 12 LDA R2,b R2 :=b
ADD R1, R2 MJL R1, R2 DVD R1, R2 ADD R1, R2 RL := atb
LDA R2,c R2 :=¢c
LDl R3,5 R3 :=5
SUB R2,R3 R2 := c-5
ML R1, R2 Rl := (a+b)*(c-5)

If we make the highly idealized assumption that the machine has an inexhaustible supply o
registers (so that any values may be used &ndy), then an expression compiler becomes aln
trivial to specify in Cocol.

$CX /* Conpiler, C++ */
COWPI LER Expr

CHARACTERS
digit = "0123456789" .
letter = " ABCDEFGHI JKLMNOPQRSTUVWKYZabcdef ghi j kl mopgr st uvwyz" .

| GNORE CHR(9) .. CHR(13)

TOKENS
nunber =digit { digit } .
variable = letter .
PRODUCTI ONS
Expr
= { Expression<l> SYNC ";" (. printf("\n"); .)
} .

Expression<int R>
= Ter nkR>
{ "+" Ter mkR+1> (. printf("ADD RWd, RMg\ n", R R+1); .)



| "-" TernmcR+l> (. printf("SUB Rod, Rvd\n", R R+1); .)
.

Ternxint R>
= Factor<R>
{ "*" Factor <R+1> (. printf("MILL R, R\ n", R R+1); .)
| /" Factor<R+1> (. printf("DVD RWd, R\ n", R R+l); .)

} .

Factor<int R>
= . char CH int N .)
. printf("LDA R¥d, %€\ n", CH); .)

I dentifier<CH> R,
. oprintf("LD Rg, %\n", R N; .)

| Number <N>
| "(" Expression<R> ")"

I dentifier<char & CH>

= wvariable (. char str[100];
LexString(str, sizeof(str) - 1);
CH = str[0]; .) .

Number <i nt  &N\>

= nunber (. char str[100];
LexString(str, sizeof(str) - 1);
N = atoi(str); .) .

END Expr.

The formal attribute to each routine is the number of the register in which the code generat:
that routine is required to store the value for whose computation it is responsible. Parsing s
assuming that the final value is to be stored in register 1. A binary operation is applied to ve
registersx andx + 1, leaving the result in registerThe grammar is factorized, as we have see
a way that correctly reflects the associativity and precedence of the parentheses and arithn
operators as they are found in infix expressions, so that, where necessary, the register nun
increase steadily as the parser proceeds to decode complex expressions.

Exercises
13.5 Use Coco/R to develop a program that will convert infix expressions to postfix form.
13.6 Use Coco/R to develop a program that will evaluate infix arithmetic expressions direct

13.7 The parser above allows only single character variable names. Extend it to allow varia
names that consist of an initial letter, followed by any sequence of digits and letters.

13.8 Suppose that we wished to be able to generate code for expressions that permit leadi
as for example x* (-y+2). Extend the grammar to describe such expressions, and then d
a program that will generate appropriate code. Do this in two ways (a) assume that there is
special machine instruction for negating a register (b) assume that such an operation is ave
(NEG Rx).

13.9 Suppose the machine also provided logical operations:

AND Rx, Ry . RX := Rx AND Ry
R Rx, Ry . RX = Rx OR Ry
XOR Rx, Ry . RX := R XOR Ry
NOT Rx © Rx := NOT Rx

Extend the grammar to allow expressions to incorporate infix and prefix logical operations,
addition to arithmetic operations, and develop a program to translate them into simple macl
code. This will require some decision as to the relative precedence of all the operations. N(
always takes precedence over AND, which in turn takes precedence over OR. In Pascal ar



Modula-2, NOT, AND and OR are deemed to have precedence equal to unary negation,
multiplication and addition (respectively). However, in C ard,QNOT has precedence equal t
unary negation, while AND and OR have lower precedence than the arithmetic operators -
levels of precedence in C, like the syntax of declarations, are another example of baroque |
design that cause a great difficulty to beginners. Choose whatever relative precedence sch
prefer, or better still, attempt the exercise both ways.

13.10 (Harder). Try to incorporate short-circuit Boolean semantics into the language sugge
Exercise 13.9, and then use Coco/R to write a translator for it. The reader will recall that the
semantics demand that

A AND B is definedto mean | F A THEN B ELSE FALSE
A OR B isdefinedtomeanI|F A THEN TRUE ELSE B

that is to say, in evaluating the AND operation there is no need to evaluate the second ope
the first one is found to be FALSE, and in evaluating the OR operation there is no need to ¢
the second operand if the first is found to be TRUE. You may need to extend the instructior
the machine to provide conditional and other branch instructions; feel free to do so!

13.11 It is unrealistic to assume that one can simply allocate registers numbered from 1 up
More usually a compiler has to select registers from a set of those known to be free at the t
expression evaluation commences, and to arrange to release the registers once they are n
needed for storing intermediate values. Modify the grammar (and hence the program) to in
this strategy. Choose a suitable data structure to keep track of the set of available registers
Pascal and Modula-2 this becomes rather easy4++yGu could make use of the template class
set handling discussed briefly in section 10.3.

13.12 It is also unreasonable to assume that the set of available registers is inexhaustible. '
of expression requires a large set of registers before it can be evaluated? How big a set do
suppose is reasonable? What sort of strategy do you suppose has to be adopted if a comp
that the set of available registers becomes exhausted?

13.3 Case study - Generating one-address code from an AST

It should not take much imagination to realize that code generation for expression evaluatic
an "on-the fly" technique like that suggested in section 13.2, while easy, leads to very ineffi
and bloated code - especially if, as is usually the case, the machine instruction set incorpor
wider range of operations. If, for example, it were to include direct and immediate addressit
operations like

ADD Rx, vari abl e Rx := Rx + val ue of variable
SUB Rx, vari abl e Rx := Rx - value of variable
MJL Rx, vari abl e Rx := Rx * value of variable
DVD Rx, vari abl e Rx := Rx / value of variable
ADI Rx, const ant Rx := Rx + val ue of constant
SBI Rx, const ant Rx := Rx - value of constant
M.l Rx, const ant Rx := Rx * val ue of constant
DVI Rx, constant Rx := Rx / value of constant

then we should be able to translate the examples of code shown earlier far more effectively
follows:



a+b 5* 6 x [ 12 (a+b) * (c - 5)

LDA R1, a LD R1, 30 LDA R1, x LDA R1, a RlL :=a
ADD R1, b DVI R1, 12 ADD Ri1,b RL:=a+b
LDA R2,c R2 :=c¢
SBI R2,5 R :=c -5
ML R1, R2 Rl : = (atb)*(c-5)

To be able to generate such code requires that we delay the choice of instruction somewhe
should no longer simply emit instructions as soon as each operator is recognized (once ag:
can see a resemblance to the conversion from infix to postfix notation). The usual strategy
achieving such optimizations is to arrange to build an abstract syntax tree (AST) from the
expression, and then to "walk" it in LRN (post) order, emitting machine code apposite to the
of the operation associated with each node. An example may make this clearer. The tree
corresponding to the expressi@b) * (c - 5) is shown in Figure 13.1.

|
]
T S .

Figure 13.1 An AST corresponding to the edpression (a + bl # (o - 5]

The code generating operations needed as each node is visited are depicted in Figure 13.z

*
| MUL R1,R2 |
+ 2z
AOD R1,b ZBI R2,G
a b =] 1)
LOA R, LOA R2,c

Figure 12.2 Code generation needed when wiziting each node in an AST

It is, in fact, remarkably easy to attribute our grammar so as to incorporate tree-building act
instead of immediate code generation:

$CX /* Conpiler, C++ */
COWPI LER Expr
/* Convert infix expressions into machine code using a sinple AST */

#include "trees. h"

CHARACTERS
digit = "0123456789" .
letter = "ABCDEFGH JKLMNOPQRSTUWKYZabcdef ghi j kl mopgr st uvwyz" .

| GNORE CHR(9) .. CHR(13)

TOKENS
number = digit { digit } .
variable = letter .
PRODUCTI ONS

Expr
= (. AST Exp; .)
{ Expressi on<Exp>

SYNC " "

} .

Expr essi on<AST &E>

if (Successful ()) GenerateCode(Exp); .)

(. ASTT; .)

Ter nkE>

{ "+" Ter nxT> (. E
| "-" TernxkT> (. E

} .

Bi nOpNode(Plus, E, T); .)
Bi nOQpNode(M nus, E, T); .)



Ter nKAST &T>

= (. ASTF;, .)
Fact or <T>
{ "*" Factor <F> (. T =BinOpNode(Times, T, F); .)
| "/" Factor<F> (. T = BinOpNode(Slash, T, F); .)

} .
Fact or <AST &F>

= char CH int N .)

= EnptyNode(); .)
Var Node(CH); .)
Const Node(N); .)

( I dentifier<CH>
| Nunber <N>
| "(" Expression<F> ")"

) .

I dentifier<char & CH>

= wvariable (. char str[100];
LexNane(str, sizeof(str) - 1);
CH = str[0]; .) .

Number <i nt  &N\>

= nunber (. char str[100];
LexString(str, sizeof(str) - 1);
N = atoi(str); .) .

END Expr.

Here, rather than pass register indices as "value" parameters to the various parsing routine
arrange that they each return an AST (as a "reference” parameter) - essentially a pointer tc
structure created as edekpression, Term or Factor is recognized. ThEactor parser is
responsible for creating the leaf nodes, and these are stitched together to form larger trees
of the iteration components in tB&pression andTerm parsers. Once the tree has been built in
way - that is, after the goal symbol has been completely parsed - we can walk it so as to ge
the code.

The reader may feel a bit cheated, as this does not reveal very much about how the trees ¢
constructed. However, that is in the spirit of "data abstraction"! The grammar above can be
unaltered with a variety of implementations of the AST tree handling module. In compiler
technology terminology, we have succeeded in separating the "front end" or parser from th
end" or tree-walker that generates the code. By providing machine specific versions of the
tree-walker we can generate code for a variety of different machines, indulge in various
optimization techniques, and so on. The AST tree-builder and tree-walker have the followin
interface:

enum optypes { Load, Plus, Mnus, Tines, Slash };
cl ass NODE;
typedef NODE* AST;

AST Bi nOpNode( opt ypes op, AST left, AST right);
/] Creates an AST for the binary operation "left op right"

AST Var Node(char nane);
/Il Creates an AST for a variable factor with specified nane

AST Const Node(int val ue);
/1 Creates an AST for a constant factor with specified val ue

AST Enpt yNode() ;
/Il Creates an enpty node

voi d Generat eCode (AST A);
/] Generates code from AST A

Here we are defining a&sT type as a pointer to a (dynamically allocated)E object. The

functions exported from this interface allow for the construction of several distinct varieties
nodes, of course, and in particular (a) an "empty" node (b) a "constant" node (c) a "variable
and (d) a "binary operator” node. There is also a routine that can walk the tree, generating



each node is visited.

In traditional implementations of this module we should have to resort to constructivapthispe
as some sort of variant record (in Modula-2 or Pascal terminology) or union (in C terminolo
on the source diskette can be found examples of such implementations. In languages that
object-oriented programming it makes good sense to definetizdype as an abstract base cle
and then to derive the other types of nodes as sub- classes or derived classes of this type.
below shows one such implementation ir+Qor the generation of code for our hypothetical
machine. On the source diskette can be found various class based implementations, includ
that generates code no more sophisticated than was discussed in section 13.2, as well as (
matching the same interface, but which generates code for the single-accumulator machine
introduced in Chapter 4. There are also equivalent implementations that make use of the
object-oriented extensions found in Turbo Pascal and various dialects of Modula-2.

/] Abstract Syntax Tree facilities for sinple expression trees
/'l used to generate reasonabl e one-address nachi ne code.

#i ncl ude <stdi o. h>
#include "trees. h"

cl ass NODE
{ friend AST Bi nOpNode(optypes op, AST |left, AST right);
friend class Bl NOPNODE;
publi c:
NODE( ) { defined = 0; }
virtual void load(int R} = 0;
/'l Generate code for |oading value of a node into register R

pr ot ect ed:
int val ue; /1 value derived fromthis node
int defined; /1 1 if value is defined

virtual void operation(optypes O int R = 0;
virtual void loadreg(int R ;

b
cl ass BI NOPNCDE : public NCDE
{ public:
Bl NOPNODE( opt ypes O, AST L, AST R { op=0O left =1L; right = R }
virtual void load(int R);
protected:
optypes op;
AST left, right;
virtual void operation(optypes O int R);
virtual void |oadreg(int R { load(R); }
H

voi d Bl NOPNCDE: : oper ati on(optypes op, int R)
{ switch (op)
{ case Load: printf("LDA"); break;
case Plus: printf("ADD"); break;
case Mnus: printf("SUB"); break;
case Tinmes: printf("MJL"); break;
case Slash: printf("DVD"); break;

}
printf(" R, R@\n", R R+ 1);

voi d BI NOPNCDE: : | oad(int R)

{ if ('left || !'right) return;
left->load(R); right->loadreg(R+1l); right->operation(op, R);
delete left; delete right;

}

AST Bi nOpNode(optypes op, AST left, AST right)
{ if (left & right & | eft->defined & right->defined)
{ /1l constant folding
switch (op)

{ case Plus: |left->value
case Mnus: |eft->value
case Tinmes: |eft->val ue
case Sl ash: |eft->val ue

+

ri ght->val ue; break;
ri ght->val ue; break;
ri ght->val ue; break;
ri ght->val ue; break;

~ % 1

delete right; return left;

}
return new Bl NOPNODE(op, |eft, right);



}
cl ass VARNODE : public NODE

{ public:
VARNCDE( char Q) { name = C }
virtual void |oad(int R) { operation(Load, R); }
protected:
char nane;

virtual void operation(optypes O int R);

voi d VARNCDE: : oper ati on(optypes op, int R)
{ switch (op)
{ case Load: printf("LDA"); break;
case Plus: printf("ADD'); break;
case Mnus: printf("SUB"); break;
case Tinmes: printf("MJL"); break;
case Slash: printf("DVD"); break;

}

printf(" RWd, %\n", R nane);
AST Var Node( char nane)
{ return new VARNCDE( nane); }

cl ass CONSTNCDE : public NODE

{ public:
CONSTNODE(i nt V) { value =V, defined = 1; }
virtual void load(int R { operation(Load, R); }
protected:

virtual void operation(optypes O int R);

b

voi d CONSTNCDE: : operati on(optypes op, int R)
{ switch (op)

{ case Load: printf("LDI"); break;
case Plus: printf("AD"); break;
case Mnus: printf("SBI"); break;
case Times: printf("MI"); break;
case Slash: printf("DVI"); break;

}
printf(" RWd, %\n", R value);

AST Const Node(i nt val ue)
{ return new CONSTNCDE(val ue); }

AST Enpt yNode()
{ return NULL; }

voi d Cener at eCode( AST A)
{ A->load(1l); printf("\n"); }

The reader’s attention is drawn to several points that might otherwise be missed:

® \We have deliberately chosen to implement a siBgh®PNODE class, rather than using this
a base class from which were deriv®®NODE, SUBNODE, MJLNCODE andDl VNODE classes.
The alternative approach makes for a useful exercise for the reader.

® When thesi nOpNode routine constructs a binary node, some optimization is attempted.
both the left and right subexpressionsda® ned, that is to say, are represented by cons
nodes, then arithmetic can be done immediately. This is knosonasnt folding, and,
once again, is something that is far more easily achieved if an AST is constructed, rat
resorting to "on-the-fly" code generation. It often results in a saving of registers, and ir
shorter (and hence faster) object code.

® Some care must be taken to ensure that the integrity of the AST is preserved even if t
source expression is syntactically incorrect. Fhetor parser is arranged so as to return ¢
empty node if it fails to recognize a valid member of FIR%i€{or), and there are various
other checks in the code to ensure that tree walking is not attempted if such nodes ha
incorporated into the tree (for example, in Bn®OPNODE: : | oad andBi nOpNode routines).



Exercises

13.13 The constant folding demonstrated here is dangerous, in that it has assumed that ari
overflow will never occur. Try to improve it.

13.14 One disadvantage of the approach shown here is that the operators have been "harc
into theopt ypes enumeration. Extending the parser to handle other operations (such as AN
OR) would require modification in several places, which would be error-prone, and not in th
of extensibility that OOP techniques are meant to provide. If this strikes you as problematic
theAST handler to introduce further classes derived fBDINMOPNODE.

13.15 The tree handler is readily extended to perform other simple optimizations. For exam
binary expressions like* 1, 1 * x, x + 0,x * 0 are quite easily detected, and the otherwise
redundant operations can be eliminated. Try to incorporate some of these optimizations int
routines given earlier. Is it better to apply them while the tree is under construction, or wher
later walked?

13.16 Rework Exercises 13.8 through 13.12 to use abstract syntax trees for intermediate
representations of source expressions.

13.4 Case study - How do parser generatorswork?

Our last case study aims to give the reader some insight into how a program like Coco/R 1
itself be developed. In effect, we wish to be able to develop a program that will take as inpt
LL(1) type grammar, and go on to construct a parser for that grammar. As we have seen, s
grammars can be described in EBNF notation, and the same EBNF notation can be used t
itself, rather simply, and in a form suitable for top- down parsing. In particular we might writ

Synt ax = { Production } "ECG' .
Producti on = NonTerminal "=" Expression "."
Expressi on = Term{ "|" Term} .
Term = [ Factor { Factor } ] .
Fact or = NonTer mi nal
| Termna
|  "(" Expression ")" | "[" Expression "]’

|  "{" Expression "}"

whereNonTerminal andTerminal would be chosen from a particular set of symbols for a gran
and where the terminattG' has been added to ease the task of recognizing the end of the
grammar. It is left to the reader formally to show that this grammar is LL(1), and hence capi
being parsed by recursive descent.

A parser generator may be constructed by enriching this grammar, providing actions at apg
points so as to construct, from the input data, some code (or similar structure which can lat
"executed") either to parse other programs, or to construct parsers for those programs. On¢
of doing this, outlined by Wirth (1976b, 1986) and Rechenberg and Mdssenbéck (1989), is
develop the parser actions so that they construct a data structure that encapsulates a synte
representation of the grammar as a graph, and then to apply a graph walker that traverses
syntax diagrams.



To take a particular example, consider @hassList grammar of section 11.5, for which the
productions are

CassList = COassName [ Goup { ";" Goup} ] "."
Group = Degree ":" Student { "," Student } .
Degr ee = "BSc" | "BScS' .

ClassName = identifier .

St udent = identifier .

A corresponding set of syntax diagrams for these productions is shown in Figure 13.3.

ClassList

—+ ClassMame

— Group

|— Group +— "7 4—|

Group

—* [Oegres —+ 1" — Student
Student +— ™," 4J

Degres
rEEo
: "EScET

ClassMame

———————  + identifier
Student
—* identifier

Figure 13.3 Swntad diagrams describing the Classlist grammar

Such graphs may be represented in programs by linked data structures. At the top level we
a linked list of nodes, each one corresponding to a non-terminal symbol of the grammar. Fc
such symbol in the grammar we then go on to introduce (for each of its alternative producti
sub-graph of nodes linked together.

In these dependent graphs there are two basic types of nodes: those corresponding to tern
symbols, and those corresponding to non-terminals. Terminal nodes can be labelled by the
itself; non-terminal nodes can contain pointers back to the nodes in the non-terminal list. B¢
variants of graph nodes contain two pointers, obet() designating the symbol that follows the
symbol "stored" at the node, and the otlaer ér nat €) designating the next in a list of alternati
Once again, the reader should be able to see that this lends itself to the fruitful adoption of
techniques - an abstract base class can be used for a node, with derived classes to handle
specializations.

As it turns out, one needs to take special cognizance of the empty terrasyacially in those
situations where it appears implicitly through the EXpression "}" or "[" Expression "]"
construction rather than through an explicit empty production.

The way in which the graphs are constructed is governed by four quite simple rules:

® A sequence dFactors generated by @erm gives rise to a list of nodes linked by theaxt
pointers, as shown in Figure 13.4(a);

® A succession of alternativieerms produced by aixpression gives rise to a list of nodes
linked by theiral t er nat e pointers, as shown in Figure 13.4(b);

® A loop produced by a factor of the fornkgpression } gives rise to a structure of the form



shown in Figure 13.4(c);

® An option produced by a factor of the forrBfpression | gives rise to a structure of the fol
shown in Figure 13.4(d).

—+ factl fact2 factd factd facts
1 | | | | b |
T T T T T

[al Term = Factor £ Factor

—* terml
—*| eHpr —#| eHpr
1 | b | | |
l 1 T
term2
eps eps
1 | b | | |
1 | — 1
l L <
(bl Expression = Term £ 1 Term } [zl f{ Edxpression } (dl [ Expression 1]

Figure 12.4 Graph nodes corresponding to EBMF constructs

As a complete example, the structures that correspond @ asast ist example lead to the graph
depicted in Figure 13.5.

GoalSumbal . .
I ' |
ClassList ClassHame Group | . LLHLY Group
1 | + 1 | HL_1 | HL_1 | HL 1
l J I l l I
17
ClassHame ident if ier Eps Eps LA
1 | g 1 1 1 | —] 1 HLt | 1
l l_l I I I I T I
) I ' |
Group Degres| LLUHAL Student | . LA Student
1 | HLt HLt HLt | HL_t | HL_t
l l—ll I I I l I
Degres EScT eps
1 | HL 1 | 1 1 | 1
1 I i L
"BScsT
1 | 1
1 i L
Student identifier
1 | g 1 | 1
L L L

Figure 13.5 Graph depicting the ClassList grammar

Construction of the data structures is a non-trivial exercise - especially when they are exter
further to allow for semantic attributes to be associated with the various nodes. As before, \
attempted to introduce a large measure of abstraction in the attributed Cocol grammar give

$CX /* conpiler, G+ */

COWPI LER EBNF

/* Augnented Coco/ R grammar describing a set of EBNF productions
and all owing the construction of a graph driven parser */

#i nclude "m sc. h"
#i ncl ude "gp. h"



extern GP *GParser;

CHARACTERS
cr = CHR(13) .
| f = CHR(10) .
letter = " ABCDEFCHI JKLMNOPQRSTUVWKYZabcdef ghi j kl mopqgr st uvwxyz" .
lowine ="_" .
digit = "0123456789" .
noquotel = ANY - "'" - cr - |f .
noquote2 = ANY - """ - c¢cr - If .

| GNORE CHR(9) .. CHR(13)
| GNORE CASE

COMMENTS FROM "(*" TO "*)" NESTED

TOKENS
nont er m nal
term nal
ECG

letter { letter | lowine | digit } .
"" noquotel { noquotel } "'" | '"' noquote2 { noquote2 } "’
$" .

PRODUCTI ONS
EBNF
= { Production } ECG (. bool haserrors = !Successful ();
GPar ser - >checkgraph(stderr, haserrors);
if (haserrors) Sentrror(200); .) .

Pr oducti on
= (. GP_GRAPH rhs;

GP_PROD | hs;

char nane[100]; .)
NonTer m nal <name> (. GParser->startproduction(nane, |Ihs); .)
"=" Expression<rhs> (. if (Successful())

GPar ser - >conpl et eproduction(l hs, rhs); .)

Expr essi on<GP_GRAPH &f i rst>
= (. GP_GRAPH next; .)

Ternxfirst>

{ "|" Ternxnext> (. GParser->linkterms(first, next); .)

Ter nkGP_GRAPH &f i r st >
= (. GP_GRAPH next; .)
( Factor<first>
{ Fact or <next > (. GParser->linkfactors(first, next); .)

| (. GParser->epsnode(first); .)

) .

Fact or <GP_GRAPH &node>
= char nane[ 100]; .)

GPar ser - >nont er mi nal node(nane, node); .)
GPar ser - >t er mi nal node(nane, node); .)
GPar ser - >opt i onal node( node); .)

GPar ser - >r epeat ednode( node); .)

NonTer ni nal <name>
| Term nal <nane>
| "[" Expression<node> "]"
I
I

"{" Expression<node> "}"
"(" Expression<node> ")"

NonTer mi nal <char *nane>

= nonterninal (. LexNane(nane, 100); .) .

Term nal <char *name>

= termnal (. char local[100];
LexNanme(l ocal , sizeof(local) - 1);
int i =0; /* strip quotes */
while (local[i])
{ local[i] = local [i+1]; i++ }

local [i-2] = '\0;
strcpy(nane, local); .) .

END EBNF.

The simplicity here is deceptive: this system has delegated control to various node creatior
linker routines that are members of an instaeree ser of a general graph parser claps|t is
predominantly the task ¢factor (at the lowest point in the hierarchy) to call the routines to
generate new actual nodes in the graph: the task of the routines called from other functions
them correctly (that called frofferm uses thelext field, while Expression uses the\ t er nat e
field).



A non-terminal might appear in &xpression before it has appeared on the left side of a
production. In this case it is still entered into the list of rules by a call t&ah#roduction
routine.

Once one has constructed these sorts of structures, what can be done with them? The idee
graph-walker can be used in various ways. In Coco/R such graph-walkers are used in conjl
with the frame files, merging appropriately generated source code with these files to produc
complete programs.

Further exploration

An implementation of ther class, and of an associated scanner dabsis been provided on th
source diskette, and will allow the reader to study these ideas in more detail. Be warned th:
code, while quite concise, is not particularly easy to follow - and is still a long way short of k
program that can handle attributes and perform checks that the grammar submitted to it sa
constraints like LL(1) conditions. Furthermore, the code does not demonstrate the construc
complete parser generator, although it does show the development of a simple direct grapt
parser based on that suggested by Wirth (1976b, 1996).

This is actually a very naive parsing algorithm, requiring rather special constraints on the g
It has the property of pursuing a new subgoal whenever it appears (by virtue of the recursiv
Par seFr om), without first checking whether the current symbol is in the set

FIRST(Goal- >RightSde). This means that the syntax must have been described in a rather ¢
way - if aNonTerminal is nullable, then none of its right parts must start with a non-terminal,
eachFactor (except possibly the last one) in the group of alternatives permitte@dsynanust
start with a distinct terminal symbol.

So, although this parser sometimes appears to work quite well - for example,Gtasghést
grammar above it will correctly report that input sentences like

CS3 BSc : Tom Dick ,, Harry .
CS3 BScS : Tom Dick .

are malformed - it will accept erroneous input like
CS3 BSc : .
as being correct. The assiduous reader might like to puzzle out why this is so.
The source code for Coco/R, its support modules, and the attributed grammar from which if
bootstrapped, are available from various Internet sites, as detailed in Appendix A. The reall

curious reader is encouraged to obtain copies of these if he or she wishes to learn more ab
Coco/R itself, or about how it is used in the construction of really large applications.

13.5 Project suggestions

Coco/R, like other parser generators, is a very powerful tool. Here are some suggestions fc
projects that the reader might be encouraged to undertake.



13.17 The various expression parsers that have been used in earlier case studies have all
that the operands are simple integers. Suppose we wished to extend the underlying gramrmr
allow for comparison operations (which would operate on integer values but produce Boole
results), arithmetic operations (which operate on integer values and produce integer results
logical operations (which act on Boolean values to produce Boolean results). A context-free
grammar for such expressions, based on that used in Pascal and Modula-2, is given below
Incorporate this into an attributed Cocol grammar that will allow you to check whether expre
are semantically acceptable (that is, whether the operators have been applied in the correc
Some examples follow

Accept abl e Not accept abl e

3+4*6 3+4<6
(x >y) AND (a < x <y ORa=<b

=)}
~

Expr essi on = SinpleExpression [ Rel Op Sinpl eExpression ] .
Si npl eExpression = Term { AddOp Term} .
Term = Factor { Miul Op Factor } .
Fact or = identifier | number | "(" Expression ")"
| "NOT" Factor | "TRUE' | "FALSE" .
Addp = e | "OR
Ml Op = "Rttt "AND
Rel Op N B A IR I R I P RPN

13.18 The "spreadsheet” has become a very popular tool in recent years. This projects aim
Coco/R to develop a simple spreadsheet package.

A modern commercial package provides many thousands of features; we shall be less amk
essence a simple two-dimensional spreadsheet is based on the concept of a matrix of cells
identified by a letter-digit pair (such &3) in which the letter specifies a row, and the digit
specifies a column. Part (or all) of this matrix is displayed on the terminal screen; one cell is
as theactive cell, and is usually highlighted in some way (for example, in inverse video).

Input to a spreadsheet is then provided in the form of expressions typed by the user, interle
with commands that can reselect the position of the active cell. Each time an expression is
formula is associated with the active cell, andvaBlie is displayed in the correct position.
Changing the contents of one cell may affect the values of other cells. In a very simple spre
implementation, each time one cell is assigned a new expression, the values of all the othe
recomputed and redisplayed.

For this exercise assume that the expressions are confined to integer expressions of the sc
exhaustively discussed in this text. The operands may be integer literals, or the designators
No attempt need be made to handle string or character values.

A simple session with such a spreadsheet might be described as follows

(* we start in cell Al ¥)

1 RIGHT (* enter 1 in cell Al and nove on to cell A2 *)
99 RI GHT (* enter 99 in cell A2 and nove on to cell A3 *)
(AL + A2) /| 2 ENTER (* cell A3 contains the average of Al and A2 *)
DOMN LEFT LEFT (* nmove to cell Bl *)

2 * Al (* cell Bl now contains tw ce the value of Al *)

uP * nove back to cell Al *)
5

(

(* alter expression in Al : A3 and Bl affected *)
GOTO B3 (

(

* % ok

nmove to cell B3 *)
A3 % 3 ENTER B3 contains remai nder when A3 is divided by 3 *)
QT

At the point just before we quit, the grid displayed on the top left of the screen might display



= =] [# these are column numbers #)

It is possible to develop such a system using Coco/R in a number of ways, but it is suggest
you proceed as follows:

(a) Derive a context-free grammar that will describe the form of a session with the spreadst
that exemplified above.

(b) Enhance your grammar to provide the necessary attributes and actions to enable a corr
system to be generated that will read and process a file of input and compute and display t|
spreadsheet, updating the display each time new expressions become associated with cell

Make the following simplifying assumptions:

(a) A spreadsheet is normally run "interactively". However, Coco/R generates systems that
conveniently take their input from a disk file. If you want to work interactively you will need 1
modify the scanner frame file considerably.

(b) Assume that the spreadsheet has only 20 rows and 9 columns, extending from Al throt

(c) Apart from accepting expressions typed in an obvious way, assume that the movement
commands are input agFT, RI GHT, UP, DOM, HOVE andGOTO Cel | as exemplified above.
Assume that attempts to move too far in one direction either "wrap around” (so that a sequt
GOTO A1 UP results in celbl becoming the active celfoto A12 actually moves ta3, and so or
or simply "stick" at the edge, as you please.

(d) An expression may also be terminatedERYVER, which does not affect the selection of the
active cell.

(e) Input to the spreadsheet is terminated bydth& operation.

() The semantics of updating the spreadsheet display are captured in the following pseudo

When Expression is recognized as conplete
Store Expression[CurrentRow, CurrentColumm] in a form
that can be used for future interpretation
Updat e val ue of Val ue[ Current Row, Current Col um]
FOR Row FROM A TO S DO
FOR Col um FROM 1 TO 9 DO
Updat e Val ue[ Row, Col umm] by
eval uati ng Expressi on[ Row, Col umm]
Di spl ay new Val ue[ Row, Col unn]
END
END

(g) Arrange that the spreadsheet starts with the values of each cell set to zero, and with no
expressions associated with any cell.

(h) No facilities for "editing" an expression need be provided; if a cell's expression is to be ¢
it must be typed afresh.

Hint: The most intriguing part of this exercise is deciding on a way to store an expression s
can be evaluated again when needed. It is suggested that you associate a simple auxiliary



structure with each cell of the spreadsheet. Each element of this structure can store an ope
operand for a simple interpreter.

13.19 A rather useful tool to have when dealing with large amounts of source code is a "crc
reference generator”. This is a program that will analyse the source text and produce a list
identifiers that appear in it, along with a list for each identifier of the line numbers on which
be found. Construct a cross reference generator for programs written in Clang, for which a
was given in section 8.7, or for one of the variations on it suggested in Exercises 8.25 throt
This can be done at various levels of sophistication; you should at least try to distinguish be
the line on which an identifier is "declared”, and those where it is "applied". A useful way to
decompose the problem might be to develop a support module with an interface to a hidde!
structure:

void Create();
/1 Initialize a new (enpty) Table

voi d Add(char *Nanme, int Reference, bool Defining);
/1 Add Name to Table with given Reference, specifying whether
/1 this is a Defining (as opposed to an applied occurrence)

voi d List(FILE *Ist);
/1 List out cross reference Table on Ist file

You should then find that the actions needed to enhance the grammar are very straightforw
the bulk of any programming effort falls on the development of a simple tree or queue-base
structure similar to those which you should have developed in other courses you have take
Computer Science.

13.20 In case you have not met this concept before, a pretty printer is a "compiler” that take
source program and "translates" the source into the same language. That probably does nc
very useful! However, the "object code" is formatted neatly and consistently, according to s
simple conventions, making it far easier for humans to understand.

Develop a pretty printer for the simple Clang language for which the grammar was given in
8.7. The good news is that you will not have to develop any semantic analysers, code gene
symbol table handlers in this project, but can assume that the source program is semantice
correct if it is syntactically correct. The bad news is that you may have some difficulty in ret
the comments. They can no longer be ignored, but should preferably be copied across to tt
in some way.

An obvious starting point is to enhance the grammar with actions that simply write output a:
terminals are parsed. An example will make this clearer

ConmpoundsSt at ement =

"BEQ N’ (. Append("BEG N'); | ndentNewLine(); .)
St at enment
(. Append(";"); NewLine(); .)
Statenent }
" END" (. Exdent NewLine(); Append("END'); .)

Of course, the productions for all the variationsStatement append their appropriate text as the
are unravelled.

Once again, an external module might conveniently be introduced to give the support need
these semantic actions, perhaps with an interface on the lines of

voi d Append(char *String);
/1 Append String to output



voi d | ndent NewLi ne(voi d);
/Il Wite line mark to output, and then prepare to indent further
/1 lines by a fixed anobunt nore than before

voi d Exdent NewLi ne(voi d);
// Wite line mark to output, and then prepare to indent further
/'l lines by a fixed anpbunt |ess than before

voi d NewLi ne(void);
/!l Wite line mark to output, but |eave indentation as before

voi d | ndent (void);
/1 Increnent indentation |evel

voi d Exdent (void);
/1 Decrenment indentation |evel

voi d SetlndentationStep(int Step);

/1 Set indentation step size to Step
13.21 If two high level languages are very similar, a translator from one to the other can oft
developed by taking the idea of a pretty printer one stage further - rather than writing the se
terminals as it reads, it writes slightly different ones. For example, a CangpundStatement
would be translated to the equivalent Topsy version by attributing the production as follows

ConmpoundsSt at enent =

"BEG N' (. Append("{"); IndentNewLine(); .)
St at enent
(. Newtine(); .)
Statenent }
" END" (. Exdent NewLine(); Append("}"); .)

Develop a complete Clang - Topsy translator in this way.

13.22 The Computer Centre has decided to introduce a system of charging users for electr
messages. The scale of charges will be as follows:

® Message charge: 20 units plus a charge per word of message text: 10 units for each v
at most 8 characters, 60 units for each word with more than 8 characters.

® The total charge is applied to every copy of the message transmitted - if a message is
addressed tbl multiple users, the sender’s account is debiteN byCharge.

The program will be required to process data files exemplified by the following (read the me
- they give you some hints):

From cspt@s.ru.ac.za

To: reader @n. bed, guru@ys-adm n.uni-rhodes. ac. za

CC: cslect@s, pdterry@sg.com

This is a nessage containing twenty-seven words

The charge will be 20 plus 24 times 10 plus 3 tines 60 units -
total 440 nmultiplied by 4

HtHt

From tutor@s

To: st udent s@ ab. somewher e

You shoul d note that nessages contain only words conposed of plain
text or nunbers or possible - signs

Assunme for this project that no punctuation marks or other extra
characters will ever appear - this will nake it nuch easier to do

User nanes and addresses nay al so contain digits and - characters
H#tH#

Each message has mandatanyoii' and "To" lines, and an optionaltt" (carbon copy) line. Usel
are addressed in the usual Internet form, and case is insignificant. Ends of lines are, howe\
significant in addressing, and hence an EOL token must be catered for.

The chargeable text of a message starts aftawtbecc line, and is terminated by the



(non-chargeable) #### line.

Describe this input by means of a suitable grammar, and then enhance it to provide the nec
attributes and actions to construct a complete charging system that will read and process a
messages and then list the charges. In doing so you might like to consider developing a su
module with an interface on the lines of that suggested below, and you should take care to
incorporate error recovery.

voi d ChargeUser(char *Sender; int Charge);

/1 Pre: Sender contains unique user nane extracted froma Fromline
11 For exanple cspt extracted from From cspt@onmewhere.com
/1 Charge contains the charge for sending all copies of nessage
/'l Post: Database of charges updated to debit Charge to Sender

voi d ShowCharges(FILE *F);

/1 Pre: Opened(F) AND the internal data base contains a |list of user
/1 names and accrued charges

Il Post: The list has been displayed on file F

13.23 (This project requires some familiarity with music). "Tonic Solfa" is a notation sometir
used to help learn to play an instrument, or more frequently to sing, without requiring the us
expensive music printed in "staff notation". Many readers may have come across this as it
representing pitch. The notes of a major scale are ndameday, me, fah, soh, lah, te (and, as Juli
Andrews taught us ifithe Sound of Music, that brings us back tiph). In the written notation thes
syllables are indicated by their initial letters odyr m f s | t. Sharpened notes are indicated
adding the lettee, and flattened notes by adding the le#&€so that if the major scale were C
major, fe would indicate F sharp ahd would indicate A flat). Notes in octaves above the
"starting”doh are indicated by superscript numbers, and notes below the "stakimgte
indicated by subscripts. Although the system is basically designed to indicate relative pitch,
keys can be named at the beginning of the piece.

If, for the moment, we ignore timing information, the notes of the well-known jingle "Happy
Birthday To You" could be represented by

S8 ly8dty s sl rd
s;spsmdty |y ffmdrd

Of course we cannot really ignore timing information, which, unfortunately, complicates the
considerably. In this notation, bar lines | and double bar lines || appear much as in staff not
Braces { and } are used at the beginning and end of every line (except where a double bar
occurs).

The notation indicates relative note lengths, according to the basic pulse of the music. A be
placed before a strong pulse, a colon is placed before a weak pulse, and a shorter veytical
indicates the secondary accent at the half bar in quadruple time. Horizontal lines indicate n
lasting longer than one beat (including dotted or tied notes). Pulses are divided in half by u
as separators, and half pulses are further divided into quarter pulses by commas. Rests are
simply by leaving spaces. For example

| d:d] indicates duple time with notes on each pulse (two crotchets, if it were 2/4
time)

| d:-| d:d| indicates quadruple time (minim followed by two crotchets, in 4/4 time)

| d:-.d: indicates triple time (dotted crotchet, quaver, crotchet rest, in 3/4 time)



| d:d.d:d,d.d indicates triple time (crotchet, two quavers, two semiquavers,
quaver, in 3/4
time)

"Happy Birthday To You" might then be coded fully as

{l::8.-,sllyisid|ty -8 .-,5}
{I1j:s:r|d:-:s.-,8/|sim:d}
{ltyclgcf. - fm:dirfd:-:]f

Clearly this is fairly complex, and one suspects that singers may learn the rhythms "by ear"
than by decoding this as they sing!

Write a Cocol grammar that describes this notation. Then go on to use it to develop a progt
can read in a tune expressed this way and produce "machine code" for a device that is driv
long stream of pairs of numbers, the first indicating the frequency of the note in Hz, and the
the duration of that note in milliseconds.

Recognizing superscripts and subscripts is clearly awkward, and it is suggested that you m
initially usedOrOm0fOsO0I0t0Odr mfsltdlrlmlflsllltlto give arange of three octaves,
which will suffice for most songs.

Initially you might like to assume that a time signature (like the key) will preface the piece (\
will simplify the computation of the duration of each note), and that the timing information h
been correctly transcribed. As a later extension you might like to consider how varying time
signatures and errors in transcription could be handled, while still assuming that each bar t:
same time to play.
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14 A SSIMPLE COMPILER - THE FRONT END

At this point it may be of interest to consider the construction of a compiler for a simple
programming language, specifically that of section 8.7. In a text of this nature it is impossib
discuss a full-blown compiler, and the value of our treatment may arguably be reduced by t
that in dealing with toy languages and toy compilers we shall be evading some of the real it
that a compiler writer has to face. However, we hope the reader will find the ensuing discus
interest, and that it will serve as a useful preparation for the study of much larger compilers
technique we shall follow is one of slow refinement, supplementing the discussion with nun
asides on the issues that would be raised in compiling larger languages. Clearly, we could
develop a completely hand-crafted compiler, or simply to use a tool like Coco/R. We shall c
both approaches. Even when a compiler is constructed by hand, having an attributed gram
describe it is very worthwhile.

On the source diskette can be found a great deal of code, illustrating different stages of
development of our system. Although some of this code is listed in appendices, its volume
precludes printing all of it. Some of it has deliberately been written in a way that allows for ¢
modification when attempting the exercises, and is thus not really of "production quality". F
example, in order to allow components such as the symbol table handler and code generat
used either with hand-crafted or with Coco/R generated systems, some compromises in de
been necessary.

Nevertheless, the reader is urged to study the code along with the text, and to attempt at le
of the many exercises based on it. A particularly worthwhile project is to construct a similar
compiler, based on a language whose syntax resemblaatber more than it does Pascal, anc
whose development, like that o#€ will be marked by the steady assimilation of extra feature
This language we shall name "Topsy", after the little girl in Harriet Beecher Stowe’s story w
knew little of her genealogy except a suspicion that she had "grow’d". A simple Topsy prog
was illustrated in Exercise 8.25, where the reader was invited to create an initial syntactic
specification in Cocol.

14.1 Overall compiler structure

In Chapter 2 we commented that a compiler is often developed as a sequence of phases, ¢
syntactic analysis is only one. Although a recursive descent parser is easily written by appl'
ideas of earlier chapters, it should be clear that consideration will have to be given to the
relationship of this to the other phases. We can think of a compiler with a recursive descent
at its core as having the structure depicted in Figure 14.1.
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Figure 14.1 PRelationship between the main components of a simple compiler

We emphasize that phases need not be sequential, as passes would be. In a recursive des
compiler the phases of syntax analysis, semantic analysis and code generation are very off
interleaved, especially if the source language is designed in such a way as to permit one-pi
compilation. Nevertheless, it is useful to think of developing modular components to handle
various phases, with clear simple interfaces between them.

In our Modula-2 implementations, the various components of our diagram have been imple
as separate modules, wh@&El NI TI ON MODULE components export only those facilities that tf
clients need be aware of. The corresponding iBplementations use classes to achieve the si
sort of abstraction and protection.

In principle, the main routine of our compiler must resemble something like the following

void main(int argc, char *argv[])
{ char SourceNane[256], ListName[256];

/'l handl e command |ine paraneters
strcpy(SourceNane, argv[1]);

if (argc > 2) strcpy(ListNanme, argv[2]);

el se appendext ensi on( SourceNane, ".l|st", ListName);

/1 instantiate conpiler conponents

SRCE  *Source new SRCE( Sour ceNane, ListNanme, "Conpiler Version 1", true);
REPORT * Report new REPORT( Sour ce) ;

SCAN  *Scanner new SCAN( Sour ce, Report);

CGEN  *CGen new CGEN( Report);

TABLE *Tabl e new TABLE( Report);

PARSER * Par ser new PARSER( CGen, Scanner, Table, Report);

/] start conpilation
Par ser - >parse();

}

where we notice that instances of the various classes are constructed dynamically, and tha
constructors establish links between them that correspond to those shown in Figure 14.1.

In practice our compilers do not look exactly like this. For example, Coco/R generates only
scanner, a parser, a rudimentary error report generator and a driver routine. The scanner a
source handling section of the file handler are combined into one module, and the routines
producing the error listing are generated along with the main driver module +FheGion of
Coco/R makes use of a standard class hierarchy involving parser, scanner and error report
and establishes links between the various instances of these classes as they are construct
gives the flexibility of having multiple instances of parsers or scanners within one system (r
our case studies will not exploit this power).




14.2 Sour ce handling

Among the file handling routines is to be found one that has the task of transmitting the soL
character by character, to the scanner or lexical analyser (which assembles it into symbols
subsequent parsing by the syntax analyser). Ideally this source handler should have to sca
program text only once, from start to finish, and in a one-pass compiler this should always |
possible.

14.2.1 A hand-crafted sour ce handler

The interface needed between source handler and lexical analyser is straightforward, and ¢
supplied by a routine that simply extracts the next character from the source each time it is
It is convenient to package this with the routines that assume responsibility for producing a
listing, and, where necessary, producing an error message listing, because all these requir
will be input/output device dependent. It is useful to add some extra functionality, and so th
interface to our source handling class is defined by

class SRCE {
public:
FILE *I st; /Il listing file
char ch; /1 latest character read

voi d nextch(void);
/1 Returns ch as the next character on this source line, reading a new
/1 line where necessary. ch is returned as NUL if src is exhausted.

bool endline(void);
/1l Returns true when end of current line has been reached

void listingon(void);
/'l Requests source to be listed as it is read

voi d listingoff(void);
/1 Requests source not to be listed as it is read

void reporterror(int errorcode);
/1 Points out error identified by errorcode with suitabl e nessage

virtual void startnewline() {;}
/1l Called at start of each line

int getline(void);
/1l Returns current |ine nunber

SRCE(char *sourcenane, char *listname, char *version, bool |istwanted);
/1 Opens src and Ist files using given nanes.

/!l Resets internal state in readiness for starting to scan.

/1 Notes whether listwanted. Displays version information on Ist file.

~SRCE() ;
/1l Closes src and Ist files

H
Some aspects of this interface deserve further comment:

® \We have not shown the private members of the class, but of course there are several

® Thestartnew i ne routine has been declared virtual so that a simple class can be deri
from this one to allow for the addition of extra material at the start of each new line on
listing - for example, line numbers or object code addresses. In Modula-2, Pascal or C
same sort of functionality may be obtained by manipulating a procedure variable or fu
pointer.

® |deally, both source and listing files should remain private. This source handler declar



listing file public only so that we can add trace or debugging information while the syst
being developed.

® The class constructor and destructor assume responsibility for opening and closing th
whose names are passed as arguments.

The implementation of this class is fairly straightforward, and has much in common with the
similar class used for the assemblers of Chapter 6. The code appears in Appendix B, and t
following implementation features are worthy of brief comment:

® The source is scanned and reflected a whole line at a time, as this makes subsequent
reporting much easier.

® The handler effectively inserts an extra blank at the end of each line. This decouples t
of the system from the vagaries of whatever method the host operating system uses t
represent line ends in text files. It also ensures that no symbol may extend over a line

® [t is not possible to read past the end of file - attempts to do so simply returrcharacter.

® Thereporterror routine will not display an error message unless a minimum number
characters have been scanned since the last error was reported. This helps suppress
cascade of error messages that might otherwise appear at any one point during error
of the sort discussed in sections 10.3 and 14.6.

® Our implementation has chosen to usesth# o library, rather thamost r eans, mainly to
take advantage of the concise facilities provided bythet f routine.

Exercises

14.1 Thenext ch routine will be called once for every character in the source text. This can
represent a considerable bottleneck, especially as programs are often prepared with a gree
blanks at the starts of indented lines. Some editors also pad out the ends of lines with unne
blanks. Can you think of any way in which this overhead might be reduced?

14.2 Some systems allowing an ASCII character set (with ordinal values in the range 0 ... 1
used with input devices which generate characters having ordinal values in the range 0 ... 2
typically the "eighth bit" might always be set, or used or confused with parity checking. How

where could this bit be discarded?

14.3 A source handler might improve on efficiency rather dramatically were it able to read t
entire source file into a large memory buffer. Since modern systems are often blessed with
relatively huge amounts of RAM, this is usually quite feasible. Develop such a source hand
compatible with the class interface suggested above, bearing in mind that we wish to be ab
reflect the source line by line as it is read, so that error messages can be appended as exe
section 14.6.

14.4 Develop a source handler implementation that uses+thet@am-based facilities from the
i ost reams library.



14.2.2 Sour ce handling in Coco/R gener ated systems

As we have already mentioned, Coco/R integrates the functions of source handler and scai
as to be able to cut down on the number of files it has to generate. The source and listing fi
to be opened before making the call to instantiate or initialize the scanner, but this is handle
automatically by the generated driver routine. It is of interest that the standard frame files s
with Coco/R arrange for this initialization to read the entire source file into a buffer, as sugg
Exercise 14.3.

14.3 Error reporting

As can be seen from Figure 14.1, most components of a compiler have to be prepared to s
something has gone awry in the compilation process. To allow all of this to take place in a
way, we have chosen to introduce a base class with a very small interface:

cl ass REPORT {
public:
REPORT() ;
/1 Initializes error reporter

virtual void error(int errorcode);
/'l Reports on error designated by suitable errorcode nunber

bool anyerrors(void);
/'l Returns true if any errors have been reported

protected:
bool errors;
3

Error reporting is then standardized by calling onetlreor member of this class whenever an e
is detected, passing it a unique number to distinguish the error.

The base class can choose simply to abort compilation altogether. Although at least one hi
successful microcomputer Pascal compiler uses this strategy (Turbo Pascal, from Borland
International), it tends to become very annoying when one is developing large systems. Sir
error member is virtual, it is an easy matter to derive a more suitable class from this one, v
of course, having to amend any other part of the system. For our hand-crafted system we c
as follows:

class clangReport : public REPORT {
publi c:
cl angReport ( SRCE *S) { Srce = §S; }
virtual void error(int errorcode)
{ Srce->reporterror(errorcode); errors = true; }
private:
SRCE *Srce;
H

and the same technique can be used to enhance Coco/R generated systems. The Modula-
Pascal implementations achieve the same functionality through the use of procedure variat

14.4 Lexical analysis

The main task of the scanner is to provide some way of uniquely identifying each successi\
or symbol in the source code that is being compiled. Lexical analysis was discussed in sect



and presents few problems for a language as simple as ours.
14.4.1 A hand-crafted scanner

The interface between the scanner and the main parser is conveniently provided by a routii
get symfor returning a parametsiymof a record or structure type assembled from the source
This can be achieved by defining a class with a public interface as follows:

enum SCAN synt ypes {
SCAN_unknown, SCAN becones, SCAN | bracket, SCAN tines, SCAN sl ash, SCAN plus,
SCAN_m nus, SCAN_eql sym SCAN negsym SCAN | sssym SCAN | eqsym SCAN gtrsym
SCAN_gegqsym SCAN_t hensym SCAN_dosym SCAN rbracket, SCAN rparen, SCAN _comm,
SCAN_I| paren, SCAN nunber, SCAN stringsym SCAN.identifier, SCAN _coendsym
SCAN_endsym SCAN_i fsym SCAN whi |l esym SCAN stacksym SCAN readsym
SCAN writesym SCAN returnsym SCAN cobegsym SCAN waitsym SCAN_ signal sym
SCAN_semi col on, SCAN_begi nsym SCAN_constsym SCAN varsym SCAN_procsym
SCAN_funcsym SCAN period, SCAN progsym SCAN eof sym

H

const int lexlength = 128;
typedef char |exene[lexlength + 1];

struct SCAN_synbol s {

SCAN_syntypes sym /1 synbol type
int num /1 val ue

| exenme nane; Il | exene

b

cl ass SCAN {
public:
voi d get sym( SCAN_synbol s &SYM ;
/1 Ootains the next symbol in the source text

SCAN( SRCE *S, REPORT *R);
/1 Initializes scanner

H
Some aspects of this interface deserve further comment:

® SCAN synbol s makes provision for returning not only a unique symbol type, but also th
corresponding textual representation (known kex@me), and also the numeric value whe
symbol is recognized as a number.

® SCAN_unknown caters for erroneous characters like # and ? which do not really form pa
the terminal alphabet. Rather than take action, the humble scanner returns the symba
comment, and leaves the parser to cope. Similarly, an e)guieit eof symis always
returned ifget symis called after the source code has been exhausted.

® The ordering of th&éCAN_synt ypes enumeration is significant, and supports an interestit
form of error recovery that will be discussed in section 14.6.1.

® The enumeration has also made provision for a few symbol types that will be used in f
extensions of later chapters.

A scanner for Clang is readily programmed iradinoc manner, driven by a selection statemer
and an implementation can be found in Appendix B. As with source handling, some
implementation issues call for comment:

® Some ingenuity has to be applied to the recognition of literal strings. A repeated quote
a string is used (as in Pascal) to denote a single quote, so that the end of a string can
detected when an odd number of quotes is followed by a non-quote.



® The scanner has assumed responsibility for a small amount of semantic activity, name
evaluation of a number. Although it may seem a convenient place to do this, such ane
not always as easy as it might appear. It becomes slightly more difficult to develop sc:
that have to distinguish between numbers represented in different bases, or between
integer numbers.

® There are two areas where the scanner has been given responsibility for detecting err

Although the syntactic description of the language does not demand it, practical
considerations require that the value of a numeric constant should be within the range
machine. This is somewhat tricky to ensure in the case of cross-compilers, where the
the host and target machines may be different. Some authors go so far as to suggest
semantic activity be divorced from lexical analysis for that reason. Our implementatior
how range checking can be handled for a self-resident compiler.

Not only do many languages insist that no identifier (or any other symbol) be carried &
line break, they usually do this for strings as well. This helps to guard against the chac
would arise were a closing quote to be omitted - further code would become string tex
future string text would become code! The limitation that a string be confined to one si
line is, in practice, rarely a handicap, and the restriction is easily enforced.

® \We have chosen to use a binary search to recognize the reserved keywords. Tables ¢
types that correspond to keywords, and symbols that correspond to single character t
are initialized as the scanner is instantiated. The idioms-ep@gramming suggest that
such activities are best achieved by having static members of the class, set up by a
“initializer" that forms part of their definition. For a binary search to function correctly it
necessary that the table of keywords be in alphabetic order, and care must be taken i
when the scanner is extended.

Exercises

14.5 The only screening this scanner does is to strip blanks separating symbols. How woul
arrange for it to strip comments

(a) of the form{ comment in curly braces }

(b) of the form(* comment in Modul a-2 braces *)

(c) of the fornv/ conment to end of the line as in C++
(d) of either or both of forms (a) and (b), allowing for nesting?

14.6 Balanced comments are actually dangerous. If not properly closed, they may consumt
source code. One way of assisting the coder is to issue a warning if a semicolon is found w
comment. How could this be implemented as part of the answer to Exercise 14.5?

14.7 The scanner does not react sensibly to the presence of tab or formfeed characters in 1
How can this be improved?

14.8 Although the problem does not arise in the case of Clang, how do you suppose a hant
scanner is written for languages like Modula-2 and Pascal that must distinguish trEeen
literals of the forns. 4 and subrange specifiers of the fadm 4, where no spaces delimit the "..’



as is quite legal? Can you think of an alternative syntax which avoids the issue altogether?
you suppose Modula-2 and Pascal do not use such a syntax?

14.9 Modula-2 allow string literals to be delimited by either single or double quotes, but not
contain the delimiter as a member of the string. C anduSe single and double quotes to
distinguish between character literals and string literals. Develop scanners that meet such
requirements.

14.10 In G+, two strings that appear in source with nothing but white space between them
automatically concatenated into a single string. This allows long strings to be spread over s
lines, if necessary. Extend your scanner to support this feature.

14.11 Extend the scanner to allow escape sequences like the fam{li@wline) ont (tab) to
represent "control” characters in literal strings, as+n.C

14.12 Literal strings present other difficulties to the rest of the system that may have to proc
them. Unlike identifiers (which usually find their way into a symbol table), strings may have
stored in some other way until the code generator is able to handle them. Consider extendi
SCAN_synbol s structure so that it contains a member that points to a dynamically allocated :
exactly the correct length for storing any string that has been recognized (and is a null poin
otherwise).

14.13 In our compiler, a diagnostic listing of the symbol table will be provided if the Do is
used for the main program. Several compilers make use of pragmatic comments as compil
directives, so as to make such demands of the system - for example a comment of the forn
(*$L- *) might request that the listing be switched off, and one of the (fosm+ *) that it be
reinstated. These requests are usually handled by the scanner. Implement such facilities fo
controlling listing of the source program, and listing the symbol table (for example (us$ing *)
to request a symbol table listing). What action should be taken if a source listing has been
suppressed, and if errors are discovered?

14.14 The restriction imposed on the recognizable length of a lexeme, while generous, cou
embarrassing at some stage. If, as suggested in Exercise 14.3, a source handler is develoj
stores the entire source text in a memory buffer, it becomes possible to use a less restrictiv
structure foISCAN_synbol s, like that defined by

struct SCAN synbol s {
SCAN_syntypes sym // synbol type
int num /1 val ue
| ong pos, |ength; /] starting position and | ength of |exene

Develop a scanner based on this idea. While this is easy to do, it may have ramifications ol
parts of the system. Can you predict what these might be?

14.15 Develop a hand-crafted scanner for the Topsy language of Exercise 8.25. Incorporat
the features suggested in Exercises 14.5 to 14.14.

14.4.2 A Coco/R generated scanner

A Cocol specification of the token grammar for our language is straightforward, and little m¢
need be said. In4G, the generated scanner class is derived from a standard base class that
that the source file has already been opened; its constructor takes an argument specifying
corresponding "file handle". As we have already noted in Chapter 12, calls&a treutine of thi:



scanner simply return a token number. If we need to determine the text of a string, the nam
identifier, or the value of a numeric literal, we are obliged to write appropriately attributed
productions into the phrase structure grammar. This is easily done, as will be seen by stud
productions in the grammars to be presented later.

Exercises

14.16 Is it possible to write a Cocol specification that generates a scanner that can handle 1
suggestions made in Exercises 14.10 and 14.11 (allowing strings that immediately follow o
another to be automatically concatenated, and allowing for escape sequences tlkeppear
within strings to have the meanings that they do+im)€ If not, how else might such features be
incorporated into Coco/R generated systems?

14.4.3 Efficient keyword recognition

The subject of keyword recognition is important enough to warrant further comment. It is pc
to write a FSA to do this directly (see section 10.5). However, in most languages, including
and Topsy, identifiers and keywords have the same basic format, suggesting the constructi
scanners that simply extract a "word" into a string, which is then tested to see whether it is,
a keyword. Since string comparisons are tedious, and since typically 50%-70% of program
consists of either identifiers or keywords, it makes sense to be able to perform this test as ¢
possible. The technique used in our hand-crafted scanner of arranging the keywords in an

alphabetically ordered table and then using a binary search is only one of several ideas tha
for efficiency. At least three other methods are often advocated:

® The keywords can be stored in a table in length order, and a sequential search used ¢
those that have the same length as the word just assembled.

® The keywords can be stored in alphabetic order, and a sequential search used amonc
that have the same initial letter as the word just assembled. This is the technique emg
Coco/R.

® A "perfect hashing function" can be derived for the keyword set, allowing for a single ¢
comparison to distinguish between all identifiers and keywords.

A hashing function is one that is applied to a string so as to extract particular characters, m
onto small integer values, and return some combination of those. The function is usually ke
simple, so that no time is wasted in its computatioperect hash function is one chosen to be
clever enough so that its application to each of the strings in a set of keywords results in a |
value for each keyword. Several such functions are known. For example, if we use an ASC
character set, then the-€function

int hash (char *s)

{ int L =strlen(s); return (256 * s[0] + s[L-1] + L) % 139; }
will return 40 unique values in the range 0 ... 138 when applied to the 40 strings that are the
keywords of Modula-2 (Gough and Mohay, 1988). Of course, it will return some of these va
non-keywords as well (for example the keywovdrR' maps to the value 0, as does any other tl
letter word starting with "V" and ending with "R"). To use this function one would first consti
139 element string table, with the appropriate 40 elements initialized to store the keywords,



rest to store null strings. As each potential identifier is scanned, its hash value is computed
above formula. A single probe into the table will then ascertain whether the word just recog
a keyword or not.

Considerable effort has gone into the determination of "minimal perfect hashing functions" -
in which the number of possible values that the function can return is exactly the same as t
number of keywords. These have the advantage that the lookup table can be kept small (G
function would require a table in which nearly 60% of the space was wasted).

For example, when applied to the 19 keywords used for Clang;+th&ifction

int hash (char *s)
{ int L =strlen(s); return Map[s[0]] + Map[s[L-2]] + L - 2; }

will return a unique value in the range 0 ... 18 for each of them. Here the mapping is done v
element arrayap, which is initialized so that all values contain zero save for those shown be

Map['B'] = 6; Map['D] =8; Map['E] = 5 Mp['L] =9
Map['M] = 7; Map['N] =8, Mp['O] = 12; Map['P' ] = 3;
Map[' S'] = 3; Map['T'] =8 Map['W] = 1;

Clearly this particular function cannot be applied to strings consisting of a single character,
strings can easily be recognized as identifiers anyway. It is one of a whole class of similar f
proposed by Cichelli (1980), who also developed a backtracking search technique for deter
the values of the elements of tiwp array.

It must be emphasized that if a perfect hash function technique is used for constructing sca
languages like Clang and Topsy that are in a constant state of flux as new keywords are pr
then the hash function has to be devised afresh with each language change. This makes it
awkward technique to use for prototyping. However, for production quality compilers for we
established languages, the effort spent in finding a perfect hash function can have a marke
influence on the compilation time of tens of thousands of programs thereafter.

Exercises

To assist with these exercises, a program incorporating Cichelli’s algorithm, based on the ¢
published by him in 1979, appears on the source diskette. Another well known program for
construction of perfect hash functions is known@s f . This is written in C, and is available frc
various Internet sites that mirror the extensive GNU archives of software distributed by the
Software Foundation (see Appendix A).

14.17 Develop hand-crafted scanners that make use of the alternative methods of keyword
identification suggested here.

14.18 Carry out experiments to discover which method seems to be best for the reserved w
of languages like Clang, Topsy, Pascal, Modula-2+6t. To do so it is not necessary to develo
full scale parser for each of these languages. It will suffice to invokgtlgmroutine repeatedly
on a large source program until all symbols have been scanned, and to time how long this

Further reading



Several texts treat lexical analysis in far more detail than we have done; justifiably, since fo
languages there are considerably more problem areas than our simple one raises. Good di
are found in the books by Gough (1988), Aho, Sethi and Ullman (1986), Welsh and Hay (1¢
Elder (1994). Pemberton and Daniels (1982) give a very detailed discussion of the lexical a
found in the Pascal-P compiler.

Discussion of perfect hash function techniques is the source of a steady stream of literature
the papers by Cichelli (1979, 1980), the reader might like to consult those by Cormack, Hor
and Kaiserwerth (1985), Sebesta and Taylor (1985), Panti and Valenti (1992), and Trono (J

14.5 Syntax analysis

For languages like Clang or Topsy, which are essentially described by LL(1) grammars,
construction of a simple parser presents few problems, and follows the ideas developed in
chapters.

14.5.1 A hand-crafted par ser

Once again, if €+ is the host language, it is convenient to define a hand-crafted parser in te
its own class. If all that is required is syntactic analysis, the public interface to this can be ki
simple:

cl ass PARSER {
public:
PARSER( SCAN *S, REPORT *R);
Il Initializes parser

voi d parse(void);
" /1 Parses the source code
where we note that the class constructor associates the parser instance with the appropriai
instances of a scanner and error reporter. Our complete compiler will need to go further the
an association will have to be made with at least a code generator and symbol table handle
should be clear from Figure 14.1, in principle no direct association need be made with a so
handler (in fact, our system makes such an association, but only so that the parser can dire
diagnostic output to the source listing).

An implementation of this parser, devoid of any attempt at providing error recovery, constre
analysis or code generation, is provided on the source diskette. The reader who wishes to
much larger application of the methods discussed in section 10.2 might like to study this. In
connection it should be noted that Modula-2 and Pascal allow for procedures and functions
nested. This facility (which is lacking in C and} can be used to good effect when developir
compilers in those languages, so as to mirror the highly embedded nature of the phrase str
grammar.

14.5.2 A Coco/R generated par ser
A parser for Clang can be generated immediately from the Cocol grammar presented in se:

8.7.2. At this stage, of course, no attempt has been made to attribute the grammar to incorj
error recovery, constraint analysis, or code generation.



Exercises

Notwithstanding the fact that the construction of an parser that does little more than check :
still some distance away from having a complete compiler, the reader might like to turn his
attention to some of the following exercises, which suggest extensions to Clang or Topsy, ¢
construct grammars, scanners and parsers for recognizing such extensions.

14.19 Compare the hand-crafted parser found on the source diskette with the source code
produced by Coco/R.

14.20 Develop a hand-crafted parser for Topsy as suggested by Exercise 8.25.

14.21 Extend your parser for Clang to accepREREAT ... UNTIL loop as itis found in Pascal
Modula-2, or add an equivalet loop to Topsy.

14.22 Extend theF ... THEN statement to provide @nSE clause.

14.23 How would you parse a Pascal-liesE statement? The standard PageaE statement dor
not have arELSE or OTHERW SE option. Suggest how this could be added to Clang, and modif
parser accordingly. Is it a good idea to O8&ERW SE or ELSE for this purpose - assuming that y
already have anF ... THEN ... ELSE construct?

14.24 What advantages does the ModutasEt statement have over the Pascal version? How
would you parse the Modula-2 version?

14.25 The @+ swi t ch statement bears some resemblance taAbe statement, although its
semantics are rather different. Add thwet ch statement to Topsy.

14.26 How would you add a Modula-2 or Pascal-f&e loop to Clang?

14.27 The @+ f or statement is rather different from the Pascal one, although it is often use(
much the same way. Add ar statement to Topsy.

14.28 ThemH LE, FOR andREPEAT loops used in Wirth’s languages atauctured - they have onl
one entry point, and only one exit point. Some languages allow a slightly less structured loc
which has only one entry point, but which allows exit from various places within the loop bo
example of this might be as follows

EBE
IF A » 188 THEM EXIT;
Al;
1
e

GIN
Lo
Fi
L

READOICE] §
éBTHEH BEGIM WRITE("Last "1; EXIT EMD;

12 tHEM EXIT |
EN;
WRITEC"Total ", A1:

WRITEC'Finizshed')
EMD.

Like others L oop statements can be nested. HowergrT statements may only appear within
LOoP sequences. Can you find context-free productions that will allow you to incorporate the
statements into Clang?



14.29 If you are extending Topsy to make it resembleds closely as possible, the equivalent
theEX T statement would be found in theeak orcont i nue statements that+@ allows within its
various structured statements lié t ch, do andwhi | e. How would you extend the grammar fc
Topsy to incorporate these statements? Can the restrictions on their placement be express
context-free grammar?

14.30 As a more challenging exercise, suppose we wished to extend Clang or Topsy to allc
variables and expressions of other types besides integer (for example, Boolean). Various
approaches might be taken, as exemplified by the following

(a) Replacing the Clang keywovdR by a set of keywords used to introduce variable lists:

int X Y, Z[4];
bool InTinme, Finished;

(b) Retention of th&AR symbol, along with a set of standard type identifiers, used after varia
lists, as in Pascal or Modula-2:

VAR
X, Y, Z[4] : | NTEGER;
I nTime, Finished : BOOLEAN,

Develop a grammar (and parser) for an extended version of Clang or Topsy that uses one «
of these approaches. The language should allow expressions to use Boolean opepat@rs (
NOT) and Boolean constantsRUE andFALSE). Some suggestions were made in this regard in
Exercise 13.17.

14.31 The approach used in Pascal and Modula-2 has the advantage that it extends seaml
more general situations in which users may introduce their own type identifierst bn€ finds a
hybrid: variable lists may be preceded either by special keywords or by user defined type n

typedef bool sieve[1000];
int X Y, /1 introduced by keyword
sieve Prines; // introduced by identifier

Critically examine these alternative approaches, and list the advantages and disadvantage:
seems to offer. Can you find context-free productions for Topsy that would allow for the
introduction of a simpleypedef construct?

A cynic might contend that if a language has features which are the cause of numerous be
errors, then one should redesign the language. Consider a selection of the following:

14.32 Bailes (1984) made a plea for the introduction of a "Rational Pascal”. According to hi
keywordsDO (in WHI LE andFOR statements)THEN (in | F statements) and the semicolons which
used as terminators at the ends of declarations and as statement separators should all be «
(He had a few other ideas, some even more contentious). Can you excise semicolons from
and Topsy, and then write a recursive descent parser for them? If, indeed, semicolons seel
no purpose other than to confuse learner programmers, why do you suppose language des
them?

14.33 The problems withF ... THENandIF ... THEN ... ELSE statements are such that or
might be tempted to try a language construct described by

IfStatenent = "IF' Condition "THEN' Statenent
{ "ELSIF" Condition "THEN' Statenent }
[ "ELSE Statenent ] .



Discuss whether this statement form might easily be handled by extensions to your parser.
have any advantages over the standard.. THEN ... ELSE arrangement - in particular, doe
resolve the "dangling else" problem neatly?

14.34 Extend your parser to accept structured statements on the lines of those used in Moc
example

| f St at enent = "IF" Condition "THEN' Statenent Sequence
{ "ELSIF" Condition "THEN' Statenent Sequence }
[ "ELSE" StatenentSequence ]
"END' .
"WHI LE" Condition "DO' StatenentSequence "END' .
Statenent { ";" Statenent } .

Whi | eSt at enent
St at ement Sequence

14.35 Brinch Hansen (1983) did not approve of implicit "empty" statements. How do these i
in our languages, are they ever of practical use, and if so, in what ways would an explicit st
(like theski P suggested by Brinch Hansen) be any improvement?

14.36 Brinch Hansen incorporated only one form of loop into EdisonwHthes loop - arguing
that the other forms of loops were unnecessary. What particular advantages and disadvant
these loops have from the points of view of a compiler writer and a compiler user respective
you were limited to only one form of loop, which would you choose, and why?

14.6 Error handling and constraint analysis

In section 10.3 we discussed techniques for ensuring that a recursive descent parser can r
after detecting a syntax error in the source code presented to it. In this section we discuss |
to apply these techniques to our Clang compiler, and then go on to discuss how the parser
extended to perform context-sensitive or constraint analysis.

14.6.1 Syntax error handling in hand-crafted parsers

The scheme discussed previously - in which each parsing routine is passed a set of "follow
symbols that it can use in conjunction with its own known set of "first” symbols - is easily af
systematically to hand-crafted parsers. It suffers from a number of disadvantages, however

® [t is quite expensive, since each call to a parsing routine is effectively preceded by twc
time-consuming operations - the dynamic construction of a set object, and the parame
passing operation itself - operations which turn out not to have been required if the so
being translated is correct.

® |[f, as often happens, seemingly superfluous symbols like semicolons are omitted from
source text, the resynchronization process can be overly severe.

Thus the scheme is usually adapted somewhat, often in the light of experience gained by o
typical user errors. A study of the source code for such parsers on the source diskette will r
examples of the following useful variations on the basic scheme:

® |n those many places where "weak" separators are found in constructs involving iterat
such as

Var Decl ar ati ons = "VAR' Onevar { "," OneVar } ";"



ConmpoundsSt at ement
Term

"BEA N' Statement { ";" Statenment } "END' .
Factor { MulOp Factor } .

the iteration is started as long as the parser detects the presence of the weak separat
valid symbol that would follow it in that context (of course, appropriate errors are repo
the separator has been omitted). This has the effect of "inserting” such missing sepatr:
the stream of symbols being parsed, and proves to be a highly effective enhancement
basic technique.

® Places where likely errors are expected - such as confusion betwees'taed ="
operators, or attempting to provide an integer expression rather than a Boolean comp
expression in atfStatement or WhileStatement - are handled in aad-hoc way.

® Many sub-parsers do not need to make use of the prologue and epilogue calle4o the
routine. In particular, there is no need to do this in routines like thostStatement,
WhileStatement and so on, which have been introduced mainly to enhance the modulai
Satement.

® The Modula-2 and Pascal implementations nest their parsing routines as tightly as po
Not only does this match the embedded nature of the grammar very nicely, it also red
number of parameters that have to be passed around.

Because of the inherent cost in the follower-set based approach to error recovery, some ca
writers make use of simpler schemes that can achieve very nearly the same degree of suct
less cost. One of these, suggested by Wirth (1986, 1996), is based on the observation that
symbols passed as members of follower sets to high level parsing routines - Blodk as
effectively become members of every follower set parameter computed thereafter. When ol
gets to parse &atement, for example, the set of stopping symbols used to establish
synchronization at the start of tB&tement routine is the union of FIRSH@tement) +
FOLLOW(Program) + FOLLOW(BIock), while the set of stopping symbols used to establish
synchronization at the end 8fatement is the union of FOLLOWg&atement) +
FOLLOW(Program) + FOLLOW(BIock). Furthermore, if we treat the semicolon that separate
statements as a "weak" separator, as previously discussed, no great harm is done if the se
establish synchronization at the endSaitement also includes the elements of FIRSt&{ement).

Careful consideration of th&®AN synt ypes enumeration introduced in section 14.4.1 will reve
that the values have been ordered so that the following patterns hold to a high degree of ac

SCAN_unknown .. SCAN I bracket, M scel | aneous
SCAN_ti mes, SCAN_ sl ash, FOLLOW Fact or)
SCAN_pl us, SCAN_ni nus, FOLLOWN Ter m
SCAN_eql sym .. SCAN _geqsym FOLLOWN Expressionl) in Condition
SCAN_t hensym SCAN_dosym FOLLOW Condi ti on)
SCAN rbracket .. SCAN conma, FOLLOW Expr essi on)
SCAN | paren, .. SCAN_.identifier, FI RST( Fact or)
SCAN_coendsym SCAN_endsym FOLLOW St at enent )
SCAN_i fsym .. SCAN_ si gnal sym FI RST( St at errent )
SCAN_semi col on, FOLLOW BI ock)
SCAN_begi nsym .. SCAN_funcsym FI RST( Bl ock)
SCAN_peri od, FOLLOW Pr ogr am
SCAN_pr ogsym FI RST( Program
SCAN_eof sym

The argument now goes that, with this carefully ordered enumeration, virtually all of the tes
form

Sym € Synchr oni zat i onSet



can be accurately replaced by tests of the form
Sym 2Snal | est El ement ( Synchr oni zat i onSet)

and that synchronization at crucial points in the grammar can be achieved by using a routir
developed on the lines of

voi d synchroni ze( SCAN_synt ypes Snal | est El enent, int errorcode)
{ if (SYMsym>= Smal | estEl enent) return;
reporterror(errorcode);
do { getsyn(); } while (SYM sym < Snul | est El enent) ;

The way in which this idea could be used is exemplified in a routine for parsing Clang state

d Statenment (void)

Statenment = [ ConpoundStatenent | Assignment | |fStatenent

| WhileStatenent | WiteStatenment | ReadStatenent ]

ynchroni ze( SCAN_i denti fier, 15);
/ W shall return correctly if SYMsymis a senicolon or END (enpty statenent)
/ or if we have synchronized (prematurely) on a synbol that really follows
/ a Bl ock
witch (SYMsym

case SCAN identifier: Assignment(); break;

case SCAN i fsym | fStatenent(); break;

case SCAN whil esym Wi | eSt at enent (); break;

case SCAN writesym WiteStatenent(); break;

case SCAN readsym ReadsSt at ement (); break;
case SCAN begi nsym ConpoundSt at enent (); break;
defaul t: return;

}
synchroni ze( SCAN_endsym 32);

/1l I'n some situations we shall have synchronized on a synbol that can start
/1 a further Statenent, but this should be handled correctly fromthe call
/1 made to Statement from within ConpoundSt at enent

}

It turns out to be necessary to replace some other set inclusion tests, by providing predicat:
functions exemplified by

bool inFirstStatenent(SCAN_syntypes Syn)

/! Returns true if Symcan start a Statenent

{ return (Sym == SCAN_ identifier || Sym == SCAN begi nsym ||
Sym >= SCAN_i f sym & & Sym <= SCAN_si gnal syn);

}

Complete parsers using this ingenious scheme are to be found on the source diskette. How
idea is fairly fragile. Symbols do not always fall uniquely into only one of the FIRST or FOLI
sets, and in large languages there may be several keyworda\gikese andor in Pascal) that
can appear in widely different contexts. If new keywords are added to an evolving language
care has to be taken to maintain the optimum ordering; if a token value is misplaced, error |
would be badly affected.

The scheme can be made more robust by declaring various synchronization set constants,
requiring their elements to have contiguous values. This is essentially the technique used il
generated recovery schemes, and adapting it to hand-crafted parsers is left as an interestir
for the reader.

14.6.2 Syntax error handling in Coco/R generated parsers

The way in which a Cocol description of a grammar is augmented to indicate where
synchronization should be attempted has already been discussed in section 12.4.2. To be i
achieve optimal use of the basic facilities offered by the use sfrtizzandweAK directives calls
for some ingenuity. If too margyNC directives are introduced, the error recovery achievable



the use ofAEAK can actually deteriorate, since the union of allsyic symbol sets tends to beco
the entire universe. Below we show a modification of the grammar in section 8.7.2 that has
found to work quite well, and draw attention to the use of two places (in the productions for
Condition andTerm) where an explicit call to the error reporting interface has been used to h
situations where one wishes to be lenient in the treatment of missing symbols.

PRODUCTI ONS /* sone omtted to save space */

C ang = "PROGRAM' identifier WEAK ";" Block "." .
Bl ock = SYNC { ( ConstDecl arations | Var Decl arations ) SYNC }
ConpoundSt at enent .
OneConst = identifier WEAK "=" nunber ;"
Var Decl ar ati ons = "VAR' OneVar { WEAK " " OﬂeVar P
ConmpoundSt at ement = "BEG N' Statement { WEAK ";" Staten‘ent } "END'
St at enent = SYNC [ ConpoundsSt atement | Assi gnnment
| IfStatement | Wil eStatenent
| ReadSt at emrent | WiteStatenent ] .
Assi gnnent = Variable ":=" Expression SYNC .
Condi tion = Expression ( Rel Op Expression | (. SynError(91) L))
ReadSt at enment = "READ" "(" Variable { WEAK ", " Variable } ")" .
WiteStatenent = "WRI TE"
[ "(" WiteEl emrent { WEAK "," WiteEl enent } ")" ] .

Term Factor { ( MulOp | (. SynError(92); .) ) Factor } .

14.6.3 Constraint analysis and static semantic error handling

We have already had cause to remark that the boundary between syntactic and semantic €
be rather vague, and that there are features of real computer languages that cannot be rea
described by context-free grammars. To retain the advantages of simple one-pass compila
we include semantic analysis, and start to attach meaning to our identifiers, usually require.
"declaration” parts of a program come before the "statement" parts. This is easily enforced
context-free grammar, all very familiar to a Modula-2, Pascal or C programmer, and seems
natural after a while. But it is only part of the story. Even if we insist that declarations prece
statements, a context-free grammar is still unable to specify that only those identifiers whicl
appeared in the declarations (so-cadefiining occurrences) may appear in the statements (in
so-calledapplied occurrences). Nor is a context-free grammar powerful enough to specify suc
constraints as insisting that only a variable identifier can be used to denote the target of an
assignment statement, or that a complete array cannot be assigned to a scalar variable. W
tempted to write productions that seem to capture these constraints:

d ang
Bl ock

"PROGRAM' Progldentifier ";" Block "."
{ ConstDeclarations | VarDeclarations }
CorrpoundSt atement .

"CONST" OneConst { OneConst } .

Const Decl ar ati ons

OneConst = Const I dentifi er "=" nunber ";"

Var Decl ar ati ons = "VAR' Onevar { "," Onevar } ";

OneVar = ScalarVarldentifier | Arr ayVarI dentifier Upper Bound .

Upper Bound = "[" nunber "]"

Assi gnnent = Variable ":=" Expression .

Vari abl e = Scal arVarldentifier | ArrayVarI denti f| er "[" Expression "]"
ReadSt at enent = "READ' "(" Variable { "," Variable } ")"

Expr essi on = ( "+" Term| "-" Term| Term) { AddOp Term} .

Term = Factor { Mul Op Factor } .

Fact or = Constldentifier | Variable | nunber

| "(" Expression ")"

This would not really get us very far, since all identifiers are lexically equivalent! We could ¢
to use a context-sensitive grammar to overcome such problems, but that turns out to be
unnecessarily complicated, for they are easily solved by leaving the grammar as it was, adt
attributes in the form of context conditions, and using a symbol table.

Demanding that identifiers be declared in such a way that their static semantic attributes ce
recorded in a symbol table, whence they can be retrieved at any future stage of the analysi
nearly as tedious as users might at first imagine. It is clearly a semantic activity, made easi
syntactic association with keywords liRenST, VAR andPROGRAM



Setting up a symbol table may be done in many ways. If one is interested merely in perforn
sort of constraint analysis suggested earlier for a language as simple as Clang we may bec
noting that identifiers designate objects that are restricted to one of three simple varieties -
constant, variable andprogram. The only apparent complication is that, unlike the other two, :
variable identifier can denote either a simple scalar, or a simple linear array. A simple table
can then be developed with a class having a public interface like the following:

const int TABLE alfalength = 15; // maxi mumlength of identifiers
typedef char TABLE_ al fa[ TABLE al falength + 1];

enum TABLE_ i dcl asses { TABLE consts, TABLE vars, TABLE progs };

struct TABLE entries {
TABLE al fa nane; 11
TABLE i dcl asses i dcl ass; 11
bool scal ar; I

h

class TABLE {
publi c:
TABLE( REPORT *R);
/1 Initializes synbol table

identifier
cl ass
di stinguish arrays from scal ars

voi d enter(TABLE entries &entry);
/1 Adds entry to synbol table

voi d search(char *nane, TABLE entries &entry, bool &found);
/'l Searches table for presence of nane. If found then returns entry

void printtable(FILE *Ist);
. /1 Prints synbol table for diagnostic purposes

An augmented parser must construct appropeiatey structures and enter these into the table
when identifiers are first recognized by the routine that handles the producti@efonst and
OneVar. Before identifiers are accepted by the routines that handle the productiesifyrator
they are checked against this table for non-declaratioanef abuse of dcl ass (such as trying t
assign to a constant) and abuseci ar (such as trying to subscript a constant, or a scalar
variable). The interface suggested here is still inadequate for the purposes of code generat
delay further discussion of the symbol table itself until the next section.

However, we may take the opportunity of pointing out that the way in which the symbol tabl
facilities are used depends rather critically on whether the parser is being crafted by hand,
using a parser generator. We draw the reader’s attention to the produckantéor which we
have written

Factor = Designator | nunber | "(" Expression ")"

rather than the more descriptive

Factor = Constldentifier | Variable | nunber | "(" Expression ")"

which does not satisfy the LL(1) constraints. In a hand-crafted parser we are free to use se
information to drive the parsing process, and to break this LL(1) conflict, as the following ex
from such a parser will show.

voi d Factor(synset followers)
/'l Factor = Variable | Constldentifier | Number | "(" Expression ")"
/1 Variable = Designator .
{ TABLE entries entry;
bool found;
test(FirstFactor, followers, 14); /1 Synchroni ze
switch (SYMsym
{ case SCAN i dentifier:
Tabl e- >sear ch( SYM nane, entry, found); /1 Look it up
if (!found) Report->error(202); /1 Undecl ared identifier



if (entry.idclass = TABLE consts) GetSym(); // Constldentifier
el se Designator(entry, followers, 206); /'l Variable
br eak;
case SCAN nunber:
Get Syn(); break;
case SCAN | paren:
Get Synm(); Expression(synset(SCAN rparen) + followers);
accept (SCAN_rparen, 17); break;
defaul t: /1 Synchroni zed on a
Report->error(14); break; /1 follower instead

}

In a Coco/R generated parser some other way must be found to handle the conflict. The ge
parser will always set up a call to pard@esignator, and so the distinction must be drawn at th
stage. The following extracts from an attributed grammar shows one possible way of doing

Fact or
= (. int value; TABLE entries entry; .)
Desi gnat or <cl assset ( TABLE_consts, TABLE vars), entry>
| Number <val ue>
| "(" Expression ")"

Notice that thédesignator routine is passed the setiak! asses that are acceptable in this cont
The production foDesignator needs to check quite a number of context conditions:

De3| gnat or<cl assset all owed, TABLE entries &entry>
= (. TABLE al fa nane;
bool isvariable, found; .)
| dent <name> (. Tabl e->search(name, entry, found);
if (!found) SenError(202);
if (lallowed. menb(entry.idclass)) Sentrror(206);
isvariable = entry.idclass == TABLE vars;
c"r" (. if (Visvariable || entry.scalar) SenError(204); .)
Expression "]"
| (. if (isvariable & !entry.scalar) SenError(205); .)
) .

Other variations on this theme are possible. One of these is interesting in that it effectively |
semantic information to drive the parser, returning prematurely if it appears that a subscript
not be allowed:

DeS| ghat or <cl assset al |l owed, TABLE entries &entry>
(. TABLE_ al fa nane;

bool found; .)

| dent <nane> (. Tabl e->search(nanme, entry, found);
if (!found) SenError(202);
if (lallowed. menmb(entry.idclass)) Sentrror(206);
if (entry.idclass != TABLE vars) return; .)

(G (. if (entry.scalar) SenError(204); .)

Expression "]"

) .

As an example of how these ideas combine in the reporting of incorrect programs we prese
source listing produced by the hand-crafted parser found on the source diskette:

(. if ('entry.scalar) SenError(205); .)

PROGRAM Debug
CONST
~; expected
TooBi gANunber = 328000;
AConstant out of range

Zero := 0;
A= in wong context
VAR
Val u, Snmallest, Largest, Total;
CONST
Mn = Zero;
ANurber expect ed
BEG N
Total := Zero;
I F Val u THEN,

“Rel ati onal operator expected
READ (Valu); IF Valu > Mn DO WRI TE(Val u);

R e
NRRO©OONOUTARWWNN R



12 : ATHEN expect ed

13 : Largest := Valu; Snallest = Valu;
13 : A= expected
14 : WH LE Valu <> Zero DO
15 : BEG N
16 : Total := Total + Valu
17 : IF Valu > = Largest THEN Largest := Val ue;
17 : ~; expected
17 : Al nvalid factor
17 AUndecl ared identifier
18 : IF Valu < Snall est THEN Snal |l est : = Val u;
19 : READLN(Val u); IF Valu > Zero THEN WRI TE( Val u)
19 : AUndecl ared identifier
20 : END;
21 WRI TE(' TOTAL: ', Total, ' LARGEST:', Largest);
22 WRI TE(' SMALLEST: , Snmall est)
22 Al nconpl ete string
23 : END.
23 : N) expected
Exercises

14.37 Submit the incorrect program given above to a Coco/R generated parser, and compe
guality of error reporting and recovery with that achieved by the hand-crafted parser.

14.38 At present the error messages for the hand-crafted system are reported onaftgyriol
point where the error was detected. Can you find a way of improving on this?

14.39 A disadvantage of the error recovery scheme used here is that a user may not realiz
symbols have been skipped. Can you find a way to mark some or all of the symbols skippe
test ? Hast est been used in the best possible way to facilitate error recovery?

14.40 If, as we have done, all error messages after the first at a given point are suppressec
might occasionally find that the quality of error message deteriorates - "early" messages mi
less apposite than "later" messages might have been. Can you implement a better method
one we have? (Notice that tRellowers parameter passed to a sub-parse&iocludes not only
the genuine FOLLOWS) symbols, but also furth&eacons.)

14.41 If you study the code for the hand-crafted parser carefully you will realiZelatfi er
effectively appears in all tHeollower sets? Is this a good idea? If not, what alterations are ne

14.42 Although not strictly illegal, the appearance of a semicolon in a program immediately
following aDo or THEN, or immediately preceding @&nD may be symptomatic of omitted code.
possible to warn the user when this has occurred, and if so, how?

14.43 The error reporter makes no real distinction between context-free and semantic or
context-sensitive errors. Do you suppose it would be an improvement to try to do this, and |
how could it be done?

14.44 Why does this parser not allow you to assign one array completely to another array?
modifications would you have to make to the context-free grammar to permit this? How wol
constraint analysis have to be altered?

14.45 In Topsy - at least as it is used in the example program of Exercise 8.25 - all "declare
seem to precede "statements". k@ is possible to declare variables at the point where they
first needed. How would you define Topsy to support the mingling of declarations and state



14.46 One school of thought maintains that in a statement like a Mogafal@op, the control
variable should be implicitly declared at the start of the loop, so that it is truly local to the loc
should also not be possible to alter the value of the control variable within the loop. Can yo!
your parser and symbol table handler to support these ideas?

14.47 Exercises 14.21 through 14.36 suggested many syntactic extensions to Clang or Tog
Extend your parsers so that they incorporate error recovery and constraint analysis for all tl
extensions.

14.48 Experiment with error recovery mechanisms that depend on the ordering of the
SCAN_synt ypes enumeration, as discussed in section 14.6.1. Can you find an ordering that
adequately for Topsy?

14.7 The symbol table handler

In an earlier section we claimed that it would be advantageous to split our compiler into disi
phases for syntax/constraint analysis and code generation. One good reason for doing this
isolate the machine dependent part of compilation as far as possible from the language an:
The degree to which we have succeeded may be measured by the fact that we have not ye
any mention of what sort of object code we are trying to generate.

Of course, any interface between source and object code must take cognizance of data-rel
concepts likestorage, addresses anddata representation, as well as control-related ones like
location counter, sequential execution andbranch instruction, which are fundamental to nearly a
machines on which programs in our imperative high-level languages execute. Typically, me
allow some operations which simulate arithmetic or logical operations on data bit patterns v
simulate numbers or characters, these patterns being stored in an array-like struatomnar pf
whose elements are distinguishedalyresses. In high-level languages these addresses are us
given mnemonic names. The context-free syntax of many high-level languages, as it happe
rarely seems to draw a distinction between the "address" for a variable and the "value" ass
with that variable, and stored at its address. Hence we find statements like

X = X+ 4

in which thex on the left of the = operator actually represents an address, (sometimes callec
L-value of X) while thex on the right (sometimes called tRevalue of X) actually represents the
value of the quantity currently residing at the same address. Small wonder that mathematic
trained beginners sometimes find the assignment notation strange! After a while it usually k
second nature - by which time notations in which the distinction is made clearer possibly or
confuse still further, as witness the problems beginners often have with pointer typesin C
Modula-2, where P or P* (respectively) denote the explicit value residing at the explicit addre
If we relate this back to the productions used in our grammar, we would find that ieatie
above assignment was syntacticallpesignator. Semantically these two designators are very
different - we shall refer to the one that represents an addreS&dalade Designator, and to the
one that represents a value aghue Designator.

To perform its task, the code generation interface will require the extraction of further inforn
associated with user-defined identifiers and best kept in the symbol table. In the case of co
we need to record the associated values, and in the case of variables we need to record th
associated addresses and storage demands (the elements of array variables will occupy a



block of memory). If we can assume that our machine incorporates a "linear array" model o
memory, this information is easily added as the variables are declared.

Handling the different sorts of entries that need to be stored in a symbol table can be done
various ways. In a object-oriented class-based implementation one might define an abstrac
class to represent a generic type of entry, and then derive classes from this to represent er
variables or constants (and, in due course, records, procedures, classes and any other forr
that seem to be required). The traditional way, still required if one is hosting a compiler in a
language that does not support inheritance as a concept, is to make use of a variant recorc
Modula-2 terminology) or union (in4G terminology). Since the class-based implementation ¢
so much scope for exercises, we have chosen to illustrate the variant record approach, whi
efficient, and quite adequate for such a simple language. We extend the declaration of the
TABLE_entri es type to be

struct TABLE entries {

TABLE al f a nane; /1 identifier
TABLE_i dcl asses idclass; // class
uni on {
struct {
int val ue;
} c; /1 constants
struct {
int size, offset; /'l number of words, relative address
bool scal ar; /1 distinguish arrays
/'l variabl es

}ov
b

The way in which the symbol table is constructed can be illustrated with reference to the re
parts of a Cocol specification for handli@geConst andOneVar:

OneConst

= (. TABLE entries entry; .)
| dent <entry. nane> (. entry.idclass = TABLE consts; .)
VEAK " =

Number <entry. c.val ue> ";" . Tabl e->enter(entry); .) .

—

OneVar<int &framnesi ze>
= (. TABLE entries entry;
entry.idclass = TABLE vars;
entry.v.size = 1; entry.v.scalar = true;
entry.v.offset = framesize + 1; .)
| dent <ent ry. name>
[ UpperBound<entry.v.size> (. entry.v.scalar = false; .)
(. Table->enter(entry);
franesize += entry.v.size; .) .

Upper Bound<i nt &si ze>
= "[" Nunber<size> "]" (. size++; .) .

| dent <char *nane>

= identifier (. LexNanme(name, TABLE alfalength); .) .
Heref r amesi ze is a simple count, which is initialized to zero at the start of pardBigch. It
keeps track of the number of variables declared, and also serves to define the addresses w
variables will have relative to some known location in memory when the program runs. A tri
modification gets around the problem if it is impossible or inconvenient to use zero-based a
in the real machine.

Programming a symbol table handler for a language as simple as ours can be correspondit
simple. On the source diskette can be found such implementations, based on the idea that
symbol table can be stored within a fixed length array. A few comments on implementation
techniques will guide the reader who wishes to study this code:

® The table is set up so that the entry indexed by zero can be used as a sentinel in a sir



sequential search gar ch. Although this is inefficient, it is adequate for prototyping the
system.

® A call toTabl e- >search(name, entry, found) will always return with a well defined
value forent ry, even if thenanme had never been declared. Such undeclared identifiers \
seem to have an effectivecl ass = TABLE_pr ogs, which will be semantically unaccepta
everywhere, thus ensuring that incorrect code can never be generated.

Exercises
14.49 How would you check that no identifier is declared more than once?

14.50 Identifiers that are undeclared by virtue of mistyped declarations tend to be annoying
they result in many subsequent errors being reported. Perhaps in languages as simple as ¢
could assume that all undeclared identifiers should be treated as variables, and entered as
the symbol table at the point of first reference. Is this a good idea? Can it easily be impleme
What happens if arrays are undeclared?

14.51 Careful readers may have noticed that a Clang array declaration is different frerore €
the bracketed number in Clang specifies the highest permitted index value, rather than the
length. This has been done so that one can declare variables like

VAR Scal ar, List[10], VeryShortlList[O0];

How would you modify Clang and Topsy to use+r&emantics, where the declaration of
VeryShort Li st would have to be forbidden?

14.52 The names of identifiers are held within the symbol table as fixed length strings, trun:
necessary. It may seem unreasonable to expect compilers (especially written in Modula-2 ¢
which do not have dynamic strings as standard types) to cater for identifiers of any length, |
small a limitation on length is bound to prove irksome sooner or later, and too generous a li
simply wastes valuable space when, as so often happens, users choose very short names.
variation on the symbol table handler that allocates the name fields dynamically, to be of th
size. (This can, of course, also be done in Modula-2.) Making table entries should be quite
searching for them may call for a little more ingenuity.

14.53 A simple sequential search algorithm is probably perfectly adequate for the small Cle
programs that one is likely to write. It becomes highly inefficient for large applications. It is {
more efficient to store the table in the form of a binary search tree, of the sort that you may
encountered in other courses in Computer Science. Develop such an implementation, notir
should not be necessary to alter the public interface to the table class.

14.54 Yet another approach is to construct the symbol table using a hash table, which prob
yields the shortest times for retrievals. Hash tables were briefly discussed in Chapter 7, anc
also be familiar from other courses you may have taken in Computer Science. Develop a h
implementation for your Clang or Topsy compiler.

14.55 We might consider letting the scanner interact with the symbol table. Consider the
implications of developing a scanner that stores the strings for identifiers and string literals
string table, as suggested in Exercise 6.6 for the assemblers of Chapter 6.



14.56 Develop a symbol table handler that utilizes a simple class hierarchy for the possible
entries, inheriting appropriately from a suitable base class. Once again, construction of suc
should prove to be straightforward, regardless of whether you use a linear array, tree, or he
as the underlying storage structure. Retrieval might call for more ingenuity, sin@®€s not
provide syntactic support for determining the exact class of an object that has been statical
declared to be of a base class type.

14.8 Other aspects of symbol table management - further types

It will probably not have escaped the reader’s attention, especially if he or she has attempte
exercises in the last few sections, that compilers for languages which handle a wide variety
types, both "standard" and "user defined"”, must surely take a far more sophisticated approz
constructing a symbol table and to keeping track of storage requirements than anything we
seen so far. Although the nature of this text does not warrant a full discussion of this point,
comments may be of interest, and in order.

In the first place, a compiler for a block-structured language will probably organize its symb
as a collection of dynamically allocated trees, with one root for each level of nesting. Althot
using simple binary trees runs the risk of producing badly unbalanced trees, this is unlikely.
for source programs which are produced by program generators, user programs tend to int
identifiers with fairly random names; few compilers are likely to need really sophisticated tre
constructing algorithms.

Secondly, the nodes in the trees will be fairly complex record structures. Besides the obvio
to other nodes in the tree, there will probably be pointers to other dynamically constructed t
which contain descriptions of the types of the identifiers held in the main tree.

Thus a Pascal declaration like

VAR
Matrix : ARRAY [1 .. 10, 2 .. 20] OF SET OF CHAR

might result in a structure that can be depicted something like that of Figure 14.2.

Hame HMatrin

pe
— Ltink
RLink ——*

Size (18 # 19 1 32 butes)
Eind aArravs
Tndey

BazeTupe
Size [1 wordl 1

Kind subranges Size (19 ¥ 32 bytes)
Lower 1 Eind arravs

Upper_ 1A Tndey
l_ RangeTupe BazeTupe —l

Size (1 wordl

Size (1 word) Kind subranges Size (32 bwtes)
Eind integers Lower 2 Eind sets
Upper_28 Base
RangeTupe
i 1 Size (1 butel
Size [1 word) Kind chars
Eind integers

Figure 14.2 Sumbol table entry for
VAR Matrix : ARRAY [1 .. 18, 2 .. 281 OF SET OF CHAR;



We may take this opportunity to comment on a rather poorly defined area in Pascal, one th
in for much criticism. Suppose we were to declare

TYPE

LISTS = ARRAY [1 .. 10] OF CHAR
VAR

X : LISTS;

A ARRAY [1 .. 10] OF CHAR

B: ARRAY [1 .. 10] OF CHAR

Z: LISTS

A andB are said to be ainonymoustype, but to most people it would seem obvious thahds
are of the same type, implying that an assignment of theAorm B should be quite legal, and,
furthermore, thak andz would be of the same type asndB. However, some compilers will be
satisfied with meratructural equivalence of types before such an assignment would be perrr
while others will insist on so-callathme equivalence. The original Pascal Report did not spec
which was standard.

In this exampley, B, X andz all have structural equivalenceandz have name equivalence a:
well, as they have been specified in terms of a named.tygJes.

With the insight we now have we can see what this difference means from the compiler wri
viewpoint. Suppose andB have entries in the symbol table pointed taréy andToB respectively
Then for name equivalence we should insist@®. Type andToB". Type being the same (that i
their Type pointers address the same descriptor), while for structural equivalence we should
onToA*. Type® andToA". Type” being the same (that is, th&iipe pointers address descriptors
that have the same structure).

Further reading and exploration

We have just touched on the tip of a large and difficult iceberg. If one adds the concept of t
type constructors into a language, and insists on strict type-checking, the compilers becom
larger and harder to follow than we have seen up till now. The energetic reader might like t
up several of the ideas which should now come to mind. Try a selection of the following, wt
deliberately rather vaguely phrased.

14.57 Just how do real compilers deal with symbol tables?

14.58 Just how do real compilers keep track of type checking? Why should name equivaler
easier to handle than structural equivalence?

14.59 Why do some languages simply forbid the use of "anonymous types"”, and why don’t
languages forbid them?

14.60 How do you suppose compilers keep track of storage allocatiair t@t or RECORD types,
and foruni on or variant record types?

14.61 Find out how storage is managed for dynamically allocated variables in language like
Pascal, or Modula-2.

14.62 How does one cope with arrays of variable (dynamic) length in subprograms?



14.63 Why can we easily allow the declaration of a pointer type to precede the definition of
it points to, even in a one-pass system? For example, in Modula-2 we may write

TYPE
LI NKS = PO NTER TO NODES (* NODES not yet seen *);
NCDES = RECORD
ETC : JUNK;
Link : LINKS;

14.64 Brinch Hansen did not like the Pascal subrange type because it seems to lead to am
(for example, a value @f4 can be of type .. 45, and also of typeo .. 90 and so on), and so
omitted them from Edison. Interestingly, a later Wirth language, Oberon, omits them as wel
might Pascal and Modula-2 otherwise have introduced the subrange concept, how could w
overcome Brinch Hansen'’s objections, and what is the essential point that he seems to hav
overlooked in discarding them?

14.65 One might accuse the designers of Pascal, Modula-2 and C of making a serious erra
judgement - they do not introduce a string type as standard, but rely on programmers to m:
arrays of characters, and to use error prone ways of recognizing the end, or the length, of ¢
Do you agree? Discuss whether what they offer in return is adequate, and if not, why not. £
why they might deliberately not have introduced a string type.

14.66 Brinch Hansen did not like the Pascal variant recorgh(@n). What do such types allow
one to do in Pascal which is otherwise impossible, and why should it be necessary to provi
facility to do this? How else are these facilities catered for in Modula-2, C-as®ti\&hich is the
better way, and why? Do the ideas of type extension, as found in Oberoanother "object
oriented" languages provide even better alternatives?

14.67 Many authors dislike pointer types because they allow "insecure" programming”. Wh
meant by this? How could the security be improved? If you do not like pointer types, can yc
of any alternative feature that would be more secure?

There is quite a lot of material available on these subjects in many of the references cited
previously. Rather than give explicit references, we leave the Joys of Discovery to the read
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15A SSMPLE COMPILER - THE BACK END

After the front end has analysed the source code, the back end of a compiler is responsible
synthesizing object code. The critical reader will have realized that code generation, of any
implies that we consider the semantics of our language and of our target machine, and the
interaction between them, in far more detail than we have done until now. Indeed, we have
real attempt to define what programs written in Clang or Topsy "mean", although we have t
assumed that the reader has quite an extensive knowledge of imperative languages, and tt
could safely draw on this.

15.1 The code generation interface

In considering the interface between analysis and code generation it will again pay to aim fi
degree of machine independence. Generation of code should take place without too much,
knowledge of how the analyser works. A common technique for achieving this seemingly
impossible task is to define a hypothetical machine, with instruction set and architecture co
for the execution of programs of the source language, but without being too far removed frc
actual system for which the compiler is required. The action of the interface routines will be
translate the source program into an equivalent sequence of operations for the hypothetica
machine. Calls to these routines can be embedded in the parser without overmuch concerr
the final generator will turn the operations into object code for the target machine. Indeed, ¢
have already mentioned, some interpretive systems hand such operations over directly to ¢
interpreter without ever producing real machine code.

The concepts of the meaning of an expression, and of assignment of the "values" of expres
locations in memory labelled with the "addresses" of variables are probably well understoot
reader. As it happens, such operations are very easily handled by assuming that the hypotl
machine is stack-based, and translating the normal infix notation used in describing expres
into a postfix or Polish equivalent. This is then easily handled with the aid of an evaluation ¢
the elements of which are either addresses of storage locations, or the values found at suc
addresses. These ideas will probably be familiar to readers already acquainted with stack-
machines like the Hewlett-Packard calculator. Furthermore, we have already examined a
such a machine in section 2.4, and discussed how expressions might be converted into po:
notation in section 11.1.

A little reflection on this theme will suggest that the public interface of such a code generati
might take the form below.

enum CCEN_operators {
CGEN_opadd, CGEN opsub, CGEN opnul, CGEN opdvd, CGEN opeql,
CGEN_opneq, CGEN oplss, CGEN opgeq, CGEN opgtr, CGEN opleq

typedef short CGEN_| abel s;
class CCGEN {
publi c:

CGEN_I| abel s undefi ned; /1 for forward references

CGEN( REPORT *R);
/1 Initializes code generator



voi d negat ei nt eger(void);
/'l Generates code to negate integer value on top of evaluation stack

voi d bi naryi nt eger op( CGEN_operators op);
/1 Generates code to pop two values A B fromstack and push value A op B

voi d conpari son( CGEN_operators op);
/] Cenerates code to pop two values A B from stack; push Bool ean value A op B

voi d readval ue(voi d);
/] Generates code to read an integer; store on address found on top-of-stack

void witeval ue(void);
/'l Generates code to pop and then output the value at top-of-stack

voi d new i ne(void);
/1 Generates code to output line nark

void witestring(CCGEN_| abel s | ocation);
/! Generates code to output string stored fromknown | ocation

voi d stackstring(char *str, CGEN_|abels & ocation);
/1 Stores str in literal pool in nenory and returns its |ocation

voi d stackconstant (i nt nunber);
/'l Generates code to push number onto eval uation stack

voi d stackaddress(int offset);
/1 Cenerates code to push address for known of fset onto eval uation stack

voi d subscript(void);
/] Generates code to index an array and check that bounds are not exceeded

voi d dereference(void);
Il Generates code to replace top-of-stack by the value stored at the
/1 address currently stored at top-of-stack

voi d assign(void);
/I Cenerates code to store value currently on top-of-stack on the
/] address stored at next-to-top, popping these two el enments

voi d openst ackfrane(int size);
/'l Generates code to reserve space for size variables

voi d | eavepr ogran(void);
/1 Generates code needed as a programterm nates (halt)

voi d storel abel (CGEN_| abel s &l ocation);
/] Stores address of next instruction in location for use in backpatching

voi d junp(CCEN_| abel s &ere, CGEN_ | abel s destination);
/1 Generates unconditional branch fromhere to destination

voi d j unponfal se(CGEN_| abel s &ere, CCGEN_| abels destination);
/'l Generates branch fromhere to destination, conditional on the Bool ean
/1 value currently on top of the evaluation stack, popping this value

voi d backpat ch(CGEN_I| abel s | ocation);
/] Stores the current |ocation counter as the address field of the branch
// instruction assuned to be held in an inconplete format |ocation

voi d dunp(void);
/1 Generates code to dunp the current state of the evaluation stack

voi d getsize(int &codel ength, int & nitsp);
/'l Returns length of generated code and initial stack pointer

int gettop(void);
/1l Returns the current |ocation counter

H
As usual, there are several points that need further comment and explanation:

® The code generation routines have been given names that might suggest that they ac
perform operations likg¢ unp. They onlygenerate code for such operations, of course.

® There is an unavoidable interaction between this class and the machine for which cod
be generated - the implementation will need to import the machine address type, and



seen fit to export a routingdt si ze) that will allow the compiler to determine the amoun
code generated.

Code for data manipulation on such a machine can be generated by making calls on
like st ackconst ant, stackaddress, stackstring, subscript anddereference for
storage access; by calls to routines fikkgat ei nt eger andbi naryi nt eger op to generate
code to perform simple arithmetic; and finally by calladsi gn to handle the familiar
assignment process.

For example, compilation of the Clang assignment statement
A =4 + List[5]

(whereLi st has 14 elements) should result in the following sequence of code generat
routine calls

st ackaddress(of fset of A)
st ackconst ant (4)
st ackaddress(of fset of List[0])
st ackconst ant (5)
st ackconst ant (14)
subscri pt
deref erence
bi naryi nt eger op( CGEN_opadd)
assign
The address associated with an array in the symbol table will denote the offset of the
element of the array (the zero-subscript one) from some known "base" at run-time. Ot
are very simple indeed. They have only one dimension, al$ized at compile-time, a fixe
lower subscript bound of zero, and can easily be handled after allocating toersecutive
elements in memory. Addressing an individual element at run time is achieved by con
the value of the subscripting expression, and adding this to (or, on a stack implementz
subtracting it from) the address of the first element in the array. In the interests of safe
shall insist that all subscripting operations incorporate range checks (this is, of course

done in G+).

To generate code to handle simple 1/0 operations we can call on the rostices ue,
writeval ue,witestring andnew ine.

To generate code to allow comparisons to be effected we calhpar i son, suitable
parameterized according to the test to be performed.

Control statements are a little more interesting. In the type of machine being consider:
assumed that machine code will be executed in the order in which it was generated, €
where explicit "branch™ operations occur. Although our simple language does not inco
the somewhat despisedro statement, this maps very closely onto real machine code,
must form the basis of code generated by higher level control statements. The transfo
is, of course, easily automated, save for the familiar problem of forward references. In
case there are two source statements that give rise to these. Source code like

I F Condition THEN St at ement

should lead to object code of the more fundamental form

code for Condition
I F NOT Condition THEN GOTO LAB END
code for Statenent

LAB conti nue



and the problem is that when we get to the stage of gene@atiogLAB we do not know the
address that will apply toaB. Similarly, the source code

WH LE Condition DO Stat enent
should lead to object code of the form

LAB code for Condition
I F NOT Condition THEN GOTO EXIT END
code for Statenent
GOTO LAB

EXIT conti nue

Here we should know the address a8 as we start to generate the codeGondition, but
we shall not know the addressexii T when we get to the stage of generatiogo EXI T.

In general the solution to this problem might require the use of a two-pass system. Ho
we shall assume that we are developing a one-pass load-and-go compiler, and that tF
generated code is all in memory, or at worst on a random access file, so that modifica
addresses in branch instructions can easily be effected. We generate branch instructi
the aid ofj unp(here, |abel) andjunponfal se(here, |abel), and we introduce two
auxiliary routinesst or el abel (1 ocat i on) andbackpat ch(| ocati on) to remember the
location of an instruction, and to be able to repair the address fields of incompletely ge
branch instructions at a later stage. The code generator exports a special value of the
CGEN_| abel s type that can be used to generate a temporary target destination for suct
incomplete instructions.

We have so far made no mention of the forward reference tables which the reader me
dreading. In fact we can leave the system to sort these out implicitly, pointing to yet ar
advantage of the recursive descent method. A little thought should show that side-effe
allowing only the structuredhileStatement andlfStatement are that we never need explici
labels, and that we need the same number of implicit labels for each instance of any ¢
These labels may be handled by declaring appropriate variables local to parsing routil
IfStatement; each time a recursive call is madéftiatement new variables will come into
existence, and remain there for as long as it takes to complete parsing of the construc
after which they will be discarded. When compilingl Egatement we simply use a techniq
like the following (shown devoid of error handling for simplicity):

voi d | fStatenment (void)
[/l IfStatement = "IF" Condition "THEN' Statenent .
{ CGEN_I| abel s testl abel; /'l must be declared locally
getsym(); /] scan past IF
Condi tion(); /1 generates code to evaluate Condition
j umponf al se(testl abel,
undefined); // renenber address of inconplete instruction
accept (t hensym ; /1 scan past THEN
Statement () ; /'l generates code for intervening Statenent(s)
backpat ch(test| abel ); I/ use local test value stored by junponfalse

If the interior call tost at ement needs to parse a furthé®atement, another instance of
t est | abel will be created for the purpose. Clearly, all variables associated with handli
implicit forward references must be declared "locally”, or chaos will ensue.

We may need to generate special housekeeping code as we enter oBleakeTdis may

not be apparent in the case of a single block program - which is all our language allow
present - but will certainly be the case when we extend the language to support proce
This code can be generated by the routipesst ackf r ane (for code needed as we enter
program) and eavepr ogr am(for code needed as we leave it to return, perhaps, to the c



of some underlying operating system).

® gettop is provided so that a source listing may give details of the object code address
corresponding to statements in the source.

We are now in a position to show a fully attributed phrase structure grammar for a complete
compiler. This could be submitted to Coco/R to generate such a compiler, or could be used
in the completion of a hand-crafted compiler such as the one to be found on the source disl
power and usefulness of this notation should now be very apparent.

PRODUCTI ONS
Cl ang
= (. TABLE entries entry; .)
" PROGRAM'
| dent <ent ry. name> (. debug = (strcnp(entry.nanme, "DEBUG') == 0);
entry.idclass = TABLE progs;
Tabl e->enter(entry); .)
WEAK ";" Block "."
Bl ock

= (. int framesize = 0; .
SYNC { ( ConstDeclarations | VarDecl arations<franesize> )

SYNC } (. /* reserve space for variables */
CGen- >openst ackf rame(franesi ze); .)
ConpoundSt at enent (. CGen->| eaveprogran();

if (debug) /* dermnstratlon purposes */
Tabl e->printtabl e(stdout); .)

Const Decl ar ati ons
= "CONST" OneConst { OneConst } .

OneConst

= (. TABLE entries entry; .)
| dent <ent ry. name> (. entry.idclass = TABLE consts; .)
WEAK "=

Nunber <entry. c. val ue> (. Table->enter(entry); .)

Var Decl ar ati ons<i nt &franesi ze>
= "VAR' OneVar<franesize> { WEAK ", " OneVar<franesize>} ";"

OneVar <i nt &f ranesi ze>
= (. TABLE entries entry;
(. entry.idclass = TABLE vars;
entry.v.size = 1; entry.v.scalar = true;
entry.v.offset = framesize + 1; .)
| dent <ent ry. name>
[ UpperBound<entry.v.size> (. entry.v.scalar = false; .)
(. Table->enter(entry);
franesize += entry.v.size; .) .

Upper Bound<i nt &si ze>

= "[" Nunber<size> "]" (. size++; .) .
ConmpoundsSt at enment
= "BEG@ N' Statenent { WEAK ";" Statenent } "END'
St at enment
= SYNC [ ConpoundStatenent | Assignnent

| 1fStatement | Wil eSt at enent

| ReadSt at enent | WiteStatenent

| " STACKDUWP" (. CGen->dunmp(); .)

] .
Assi gnnent
= Variable ":="
Expressi on SYNC (. CGen->assign(); .) .

Vari abl e

= (. TABLE entries entry; .)
Desi gnat or <cl assset (TABLE vars), entry> .

DeS| gnat or <cl assset al |l owed, TABLE entries &entry>
(. TABLE al fa nane;
bool found;
| dent <name> (. Tabl e->search(nanme, entry, found);



(

Expr essi on

o
|
) .

| f St at enent

"I F" Condition "THEN'
St at enent

Wi | eSt at enent
"WHI LE"

Condi ti on
St at enent

Condi tion

Expr essi on

(  Rel Op<op> Expression

| /* Mssing op */
) .

ReadsSt at ement

= "READ' "(" Variable
{ WEAK "," Variable
P

Wit eStat emrent

—~—~—

~—~—~—

if (!found) SenError(202);

if (lallowed. menb(entry.idclass)) Sentrror(206);

if (entry.idclass != TABLE vars)

r

eturn;

CGen- >st ackaddress(entry.v.offset); .)
if (entry.v.scalar) SenError(204);
/* determ ne size for bounds check */
CGen->st ackconstant (entry. v. si ze);

CGen->subscript();

-)

if (lentry.v.scalar) SenError(205); .)

CGEN_| abel s testl abel ;

-)
CGen- >j unponf al se(test!| abel ,

CGen- >undef i ned) ;

CGen- >backpat ch(testl abel); .)
CGEN_| abel s startloop, testl abel,
CGen->storel abel (startloop); .)

CGen- >j unponf al se(test!| abel ,
startl oop);

CGen- >j unp( dunmmyl abel ,

CGen- >backpat ch(testl| abel ) ;

CGEN_operators op; .)

CGen- >conpari son(op); .)
SynError (91);

CGen- >r eadval ue(); .)
CGen->readval ue(); .)

dummyl abel ;

CGen- >undef i ned) ;

)

br eak;

= "WRITE' [ "(" WiteElement { WEAK "," WiteEl ement } ")" ]
(. CGen->newine(); .)
Wit eEl enent
= (. char str[600];
CGEN_| abel s startstring; .)
String<str> (. CGen->stackstring(str, startstring);
CGen->writestring(startstring); .)
| Expression (. CGen->writeval ue();
Expr essi on
= (. CGEN operators op; .)
( "+" Term
| "-" Term (. CGen->negateinteger(); .)
| Term
)
{ AddOp<op> Term (. CGen->bi naryi ntegerop(op); .)
.
Term
= (. CGEN operators op; .)
Fact or
{ ¢ Ml Q<op>
| /* mssing op */ (. SynError(92); op = CGEN_ opmul; .)
) Factor (. CGen->bi naryi ntegerop(op); .)
Fact or
= (. TABLE entries entry,;
int value; .)
Desi gnat or <cl assset (TABLE consts, TABLE vars), entry>
(. switch (entry.idclass)
{ case TABLE vars :
CGen- >der ef erence(); break;
case TABLE consts :
CGen->st ackconstant (entry. c. val ue);
| Nunber <val ue> (. CGen->stackconstant(value); .)
| "(" Expression ")"
AddOp<CGEN _oper ators &op>
= e (. op = CCEN_opadd; .)
|- (. op = CGEN_opsub; .)

Mul Qp<CGEN _operators &op>
= k"

op = CGEN_opmul; .)

)

)

)



| "/ (. op = CGEN_ opdvd; .) .
Rel OQp<CGEN operators &op>

(. op = CGEN_opeql; .)
| <>t (. op = CGEN_opneq; .)
| <" (. op = CGEN_oplss; .)
| <= (. op = CCGEN_opleq; .)
| ">t (. op = CGEN opgtr; .)
| ">= (. op = CGEN_opgeq; .) .
| dent <char *name>
= identifier (. LexNanme(nane, TABLE alfalength); .) .
String<char *str>
= string (. char local[100];
LexString(local, sizeof(local) - 1);
int i =0;
while (local[i]) /* strip quotes */
{ local[i] = local [i+1]; i++ }
local[i-2] ="'\0";
i =0;
while (local[i]) /* find internal quotes */
{if (local[i] == "\""
{int j =i;
while (local[j])
{ local[j] = local[j+1]; j++ }

strcpy(str, local); .) .

Nunber <int &nune
= nunber (. char str[100];
int i =0, |, digit, overflow = 0;
num = 0;
LexString(str, sizeof(str) - 1);
| = strlen(str);
while (i <=1 & isdigit(str[i]))
{ digit =str[i] - "0"; i++
if (num<= (maxint - digit) / 10)
num = 10 * num+ digit;
el se overflow = 1;

}
if (overflow) SenError(200); .) .
END d ang.

A few points call for additional comment:

® The reverse Polish (postfix) form of the expression manipulation is accomplished simj
delaying the calls for "operation” code generation until after the second "operand"” cod
generation has taken place - this is, of course, completely analogous to the system de
in section 11.1 for converting infix expression strings to their reverse Polish equivalen

® [t turns out to be useful for debugging purposes, and for a full understanding of the we
which our machine works, to be able to print out the evaluation stack at any point in tF
program. This we have done by introducing another keyword into the langmagepuvp,
which can appear as a simple statement, and whose code generation is hamgied by

® The reader will recall that the production feactor would be better expressed in a way th
would introduce an LL(1) conflict into the grammar. This conflict is resolved within the
production forDesignator in the above Cocol grammar; it can be (and is) resolved withil
production forFactor in the hand-crafted compiler on the source diskette. In other resp
the semantic actions found in the hand-crafted code will be found to match those in th
grammar very closely indeed.




Exercises

Many of the previous suggestions for extending Clang or Topsy will act as useful sources @
inspiration for projects. Some of these may call for extra code generator interface routines,
many will be found to require no more than we have already discussed. Decide which of th
following problems can be solved immediately, and for those that cannot, suggest the minir
extensions to the code generator that you can foresee might be necessary.

15.1 How do you generate code for HEPEAT ... UNTI L statement in Clang (or thie statemen
in Topsy)?
15.2 How do you generate code forian... THEN ... ELSE statement, with the "dangling els

ambiguity resolved as in Pascal or+Q Bear in mind that theL SE part may or may not be prese
and ensure that your solution can handle both situations.

15.3 What sort of code generation is needed for the Pascal or Modula+stidep that we hav
suggested adding to Clang? Make sure you understand the semanticzosfltiop before you
begin - they may be more subtle than you think!

15.4 What sort of code generation is needed for thes§/lef or loop that we have suggested
adding to Topsy?

15.5 Why do you suppose languages all®drloop to terminate with its control variable
"undefined"?

15.6 At present therl TE statement of Clang is rather like Pascal’st eLn. What changes woul
be needed to provide an expligRi TELN statement, and, similarly, an expliREADLN statement,
with semantics as used in Pascal.

15.7 If you add a "character" data type to your language, as suggested in Exercise 14.30, f
you generate code to han&®AD andwRl TE operations?

15.8 Code generation for theoP ... EXIT ... ENDconstruction suggested in Exercise 14.2
provides quite an interesting exercise. Since we may have sexeTatatements in a loop, we
seem to have a severe forward reference problem. This may be avoided in several ways. F
example, we could generate code of the form

GOTO STARTLOOP
EXI TPO NT GOTO LOOPEXI T
STARTLOOP code for |oop body
GOTO EXI TPOI NT (froman EXIT statenent)

GOTO STARTLOOP
LOOPEXIT  code which foll ows | oop

With this idea, alExi T statements can branch baclkexo TPO NT, and we have only to backpatc
the one instruction @xi TPO NT when we reach thend of theLoor. This is marginally inefficient
but the execution of one extearo statement adds very little to the overall execution time.

Another idea is to generate code like

STARTLOOP code for |oop body
GOTO EXI T1 (froman EXI T statenent)

EXI T1 GOTO EXIT2  (froman EXI T statement)



EXI T2 GOTO LOOPEXI T (froman EXI T statement)

GOTO STARTLOOP
LOOPEXI T code which foll ows END

In this case, each time anotl@xr T is encountered the previously incomplete one is backpatcl
branch to the incomplete instruction which is just about to be generated. WizaD the
encountered, the last one is backpatched to leave the loopofA .. END structure may,
unusually, have naxi T statements, but this is easily handled.) This solution is even less effi
than the last. An ingenious modification can lead to much better code. Suppose we genera
which at first appears quite incorrect, on the lines of

STARTLOOP code for | oop body

EXI TO GOTO 0 (inconplete - froman EXIT statenent)
EXI T1 GOTO EXITO  (froman EXI T statement)
EXI T2 GOTO EXITL  (froman EXI T statement)

with an auxiliary variabl&xi t which contains the address of the most recent afthe
instructions so generated. (In the above example this would contain the address of the inst
labelledexi T2). We have used only backward references so far, so no real problems arise.'
we encounter theND, we refer to the instruction ati t, alter its address field to the now knowt
forward address, and use the old backward address to find the address of the next instructi
modify, repeating this process until tr@t0 0" is encountered, which stops the chaining proc
we are, of course, doing nothing other than constructing a linked list temporarily within the
generated code.

Try out one or other approach, or come up with your own ideas. All of these schemes need
thought when the possibility exists for having nestedP ... END structures, which you shoulc
allow.

15.9 What sort of code generation is needed for the translation of structured statements like
following?

| f St at enent = "IF" Condition "THEN' Statenent Sequence
{ "ELSIF" Condition "THEN' StatenentSequence }
[ "ELSE" StatenentSequence ]
"END' .
"WH LE" Condition "DO' StatenentSequence "END' .
Statement { ";" Statenent } .

Wi | eSt at errent
St at ement Sequence

15.10 Brinch Hansen (1983) introduced an extended form wofthe loop into the language
Edison:

Wi | eSt at errent = "WH LE" Condition "DO' StatenentSequence
{ "ELSE" Condition "DO' StatenentSequence }
"END' .

The Conditions are evaluated one at a time in the order written until one is found to be true,"
the correspondin§tatementSequence is executed, after which the process is repeated. If no
Condition is true, the loop terminates. How could this be implemented? Can you think of an
algorithms where this statement would be useful?

15.11 Add a&HALT statement, as a variation on the TE statement, which first prints the values
its parameters and then aborts execution.

15.12 How would you handle tl@aro statement, assuming you were to add it to the language



What restrictions or precautions should you take when combining it with structured loops (e
particular,FOR loops)?

15.13 How would you implementGasE statement in Clang, orsai t ch statement in Topsy?
What should be done to handle@mERW SE or def aul t , and what action should be taken to b
taken when the selector does not match any of the labelled "arms"? Is it preferable to regar
an error, or as an implicit "do nothing"?

15.14 Add theviob or operator for use in finding remainders in expressions, anshthe OrR and
NOT operations for use in forming more comp{@onditions.

15.15 Addi Nc(x) andDEC(x) statements to Clang, or equivalently add andx- - statements tc
Topsy - thereby turning it, at last, into TopsyThe Topsy version will introduce an LL(1) conf
into the grammar, for now there will be three distinct alternativeStébement that commence wi
an identifier. However, this conflict is not hard to resolve.

Further reading

The hypothetical stack machine has been widely used in the development of Pascal compil
the book by Welsh and McKeag (1980) can be found a treatment on which our own is partl
as is the excellent treatment by Elder (1994). The discussion in the book by Wirth (1976b) i
relevant, although, as is typical in several systems like this, no real attempt is made to spec
interface to the code generation, which is simply overlaid directly onto the analyser in a ma
dependent way. The discussion of the Pascal-P compiler in the book by Pemberton and De
(1982) is, as usual, extensive. However, code generation for a language supporting a varie
types (something we have so far assiduously avoided introducing except in the exercises) 1
obscure many principles when it is simply layered onto an already large system.

Various approaches can be taken to compilingcise statement. The reader might like to cons
the early papers by Sale (1981) and Hennessy and Mendelsohn (1982), as well as the des:
the book by Pemberton and Daniels (1982).

15.2 Code generation for a simple stack machine

The problem of code generation for a real machine is, in general, complex, and very specie
this section we shall content ourselves with completing our first level Clang compiler on the
assumption that we wish to generate code for the stack machine described in section 4.4. ¢
machine does not exist, but, as we saw, it may readily be emulated by a simple interpreter.
if thei nt er pret routine from that section is invoked from the driver program after completin
successful parse, an implementation of Clang quite suitable for experimental work is readil
produced.

An implementation of an "on-the-fly" code generator for this machine is almost trivially easy
can be found on the source diskette. In studying this code the reader should note that:

® An external instance of tl&eyKMC class is made directly visible to the code generator; as
code is generated it is stored directly in the code atralyi ne- >nem



® The constructor of the code generator class initializes two private members - a locatio
counter ¢odet op) needed for storing instructions, and a top of memory poister ¢p)
needed for storing string literals.

® Thest ackaddr ess routine is passed a simple symbol table address value, and convert
into an offset that will later be computed relative todhe bp register when the program i
executed.

® The main part of the code generation is done in terms of calls to a redtinevhich does
some error checking that the "memory" has not overflowed. Storing a string in the liter
in high memory is done by routiseackst ri ng, which is also responsible for overflow
checking. As usual, errors are reported through the error reporting class discussed in
14.3; the code generator suppresses further attempts to generate code if memory ove
occurs, while still allowing syntactic parsing to proceed.

® Since many of the routines in the code generator class are very elementary intedsices
the reader might feel that we have taken modular decomposition too far - code generz
simple as this could surely be made more efficient if the parser simply esm@kedirectly.
This is certainly true, and many recursive descent compilers do this.

® Code generation is very easy for a stack-oriented language. It is much more difficult fc
machine with no stack, and only a few registers and addressing modes. However, as
discussion in later sections will reveal, the interface we have developed is, in fact, cag
being used with only minor modification for code generation for more conventional
machines. Developing the system in a highly modular way has many advantages if or
striving for portability, and for the ability to construct improved back ends easily.

It may be of interest to show the code generated for a simple program that incorporates se\
features of the language.

Clang 1.0 on 19/05/96 at 22:17:12

0 : PROGRAM Debug;

0 : CONST

0 : Vot i ngAge = 18;

0 : VAR

0 : Eligible, Voters[100], Age, Total;
0 : BEG N

2 Total := 0;

7 : Eligible := 0;

12 : READ( Age) ;

15 : WH LE Age > 0 DO

23 : BEG N

23 : | F Age > VotingAge THEN

29 : BEG N

31 : Voters[Eligible] := Age;
43 Eligible := Eligible + 1;
52 : Total := Total + Voters[Eligible -1];
67 : END;

71 : READ( Age) ;

74 END;

76 : WRI TE(Eligible, ' voters. Average age = ', Total / Eligible);
91 : END.

The symbol table has entries

1 DEBUG Program

2 VOTI NGAGE Const ant 18
3 ELI A BLE Vari abl e 1
4 VOTERS Vari abl e 2

5 ACE Vari abl e 103
6 TOTAL Vari abl e 104



and the generated code is as follows:

0 DSP 104 Reserve vari abl e space
2 ADR -104 address of Total
4 LIT 0 push 0O
6 STO Total :=0
7 ADR -1 address of Eligible
9 LIT 0 push 0O
11 STO Eligible :=0
12 ADR -103 address of Age
14 I NN READ( Age)
15 ADR -103 address of Age
17 VAL val ue of Age
18 LIT 0 push 0
20 GIR conpare
21 BZE 74 WH LE Age > 0 DO
23 ADR -103 address of Age
25 VAL val ue of Age
26 LIT 18 push Voti ngAge
28 GIR conpare
29 BZE 69 | F Age > VotingAge THEN
31 ADR -2 address of Voters[O0]
33 ADR -1 address of Eligible
35 VAL value of Eligible
36 LIT 101 array size 101
38 I ND address of Voters[Eligible]
39 ADR -103 address of Age
41 VAL val ue of Age
42 STO Voters[Eligible] := Age
43 ADR -1 address of Eligible
45 ADR -1 address of Eligible
47 VAL val ue of Eligible
48 LIT 1 push 1
50 ADD value of Eligible + 1
51 STO Eligible := Eligible + 1
52 ADR -104 address of Total
54 ADR -104 address of Total
56 VAL val ue of Total
57 ADR -2 address of Voters[O0]
59 ADR -1 address of Eligible
61 VAL val ue of Eligible
62 LIT 1 push 1
64 SUB value of Eligible - 1
65 LIT 101 array size 101
67 | ND address of Voters[Eligible-1]
68 VAL val ue of Voters[Eligible - 1]
69 ADD val ue of Total + Voters[Eligible - 1]
70 STO Total := Total + Voters[Eligible - 1]
71 ADR -103 address of Age
73 INN READ( Age)
74 BRN 15 to start of WH LE | oop
76 ADR -1 address of Eligible
78 VAL val ue of Eligible
79 PRN WRI TE(El i gi bl e,
80 PRS ' voters. Average age = '
82 ADR -104 address of Total
84 VAL val ue of Total
85 ADR -1 address of Eligible
87 VAL val ue of Eligible
88 DVD value of Total / Eligible
89 PRN WRI TE(Total / Eligible)
90 NLN out put new line
91 HLT END.
Exercises

15.16 If you study the code generated by the compiler you should be struck by the fact that
sequenc@DRx; VAL occurs frequently. Investigate the possibilities for peephole optimizatiol
Assume that the stack machine is extended to provide a new opesatiarthat will perform this
sequence in one operation as follows:

case STKMC psh:
cpu. sp--;
int ear = cpu.bp + nmenicpu. pc];



if (inbounds(cpu.sp) && inbounds(ear))
{ nenfcpu.sp] = nenfear]; cpu.pc++; }
br eak;
Go on to modify the code generator so that it will replace any sequerce VAL with PSH x (be
careful: not aliVAL operations follow immediately on @DRrR operation).

15.17 Augment the system so that you can declare constants to be literal strings and print 1
example

PROGRAM Debug;
CONST
Planet = "World’;
BEG N
WRI TE(' Hello ', Planet)
END.

How would you need to modify the parser, code generator, and run-time system?

15.18 Suppose that we wished to use relative branch instructions, rather than absolute brai
instructions. How would code generation be affected?

15.19 (Harder) Once you have introduced a Boolean type into Clang or Topsy, aloagDstid
OR operations, try to generate code based on short-circuit semantics, rather than the easier
operator approach. In the short-circuit approach the operatbrandor are defined to have
semantic meanings such that

A AND B means
AOR B means

THEN B ELSE FALSE END

IF A
IF A THEN TRUE ELSE B END

In the language Ada this has been made exphgii:andor alone have Boolean operator
semantics, buiND THEN andOR ELSE have short-circuit semantics. Thus, in Ada

A AND THEN B means
A OR ELSE B means

THEN B ELSE FALSE END

I F
IF A THEN TRUE ELSE B END

>

Can you make your system accept both forms?

15.20 Consider an extension where we allow a one-dimensional array with fixed bounds, b
the lower bound set by the user. For example, a way to declare such arrays might be along
of

CONST
BC = -44;
AD = 300;

VAR
WA 1 [1939 : 1945], RomanBritain[BC : AD];

Modify the language, compiler, and interpreter to handle this idea, performing bounds chec
the subscript. Addressing an element is quite easy. If we declare an array

VAR Array[Mn : Max];
then the offset of theth element in the array is computed as
I - Mn + offset of first elenent of array
which may give some hints about the checking problem too, if you think of it as

(offset of first elenent of array - Mn) + |

15.21 A little more ingenuity is called for if one is to allow two-dimensional arrays. Again, if



are of fixed size, addressing is quite easy. Suppose we declare a matrix

VAR Matrix[MnX : MaxX , MnY : MaxY];

Then we shall have to reserieaxX- M nX+1) * (MaxY-M nY+1) consecutive locations for the
whole array. If we store the elements by rows (as in most languages, other than Fortran), tt
offset of thel,J th element in the matrix will be found as

(I - MnX) * (MaxY - MnY + 1) + (J - MnY) + offset of first el enent

You will need a new version of t/8FK_i nd opcode (incorporating bounds checking).
15.22 Extend your system to allow whole arrays (of the same length) to be assigned one ta

15.23 Some users like to live dangerously. How could you arrange for the compiler to have
option whereby generation of subscript range checks could be suppressed?

15.24 Complete level 1 of your extended Clang or Topsy compiler by generating code for a
extra statement forms that you have introduced while assiduously exploring the exercises <
earlier in this chapter. How many of these can only be completed if the instruction set of the
machine is extended?

15.3 Other aspects of code generation

As the reader may have realized, the approach taken to code generation up until now has t
rather idealistic. A hypothetical stack machine is, in many ways, ideal for our language - as
the simplicity of the code generator - but it may differ rather markedly from a real machine.
section we wish to look at other aspects of this large and intricate subject.

15.3.1 Machinetyranny

It is rather awkward to describe code generation for a real machine in a general text. It inev
becomes machine specific, and the principles may become obscured behind a lot of detail -
architecture with which the reader may be completely unfamiliar. To illustrate a few of these
difficulties, we shall consider some features of code generation for a relatively simple proce

The Zilog Z80 processor that we shall use as a model is typical of several 8-bit microproce:
were very popular in the early 1980’'s, and which helped to spur on the microcomputer reva
It had a single 8-bit accumulator (denotedahyseveral internal 8-bit registers (denotedbyc,

D, E, HandL), a 16-bit program counterg), two 16-bit index registers X andi Y), a 16-bit
stack pointergP), an 8-bit data bus, and a 16-bit address bus to allow access to 64KB of me
With the exception of thBrRN opcode (and, perhaps, tHer opcode), our hypothetical machine
instructions do not map one-for-one onto Z80 opcodes. Indeed, at first sight the Z80 would
to be ill suited to supporting a high-level language at all, since operations on a single 8-bit
accumulator only provide for handling numbers between -128 and +127, scarcely of much |
arithmetic calculations. For many years, however - even after the introduction of processor:
Intel 80x86 and Motorola 680x0 - 16-bit arithmetic was deemed adequate for quite a numbt
operations, as it allows for numbers in the range -32768 to +32767. In the Z80 a limited nur
operations were allowed on 16-bit register pairs. These were damtast andHL, and were
formed by simply concatenating the 8-bit registers mentioned earlier. For example, 16-bit ¢
could be loaded immediately into a register pair, and such pairs could be pushed and popp



the stack, and transferred directly to and from memory. In additionl_thair could be used as ¢
16-bit accumulator into which could be added and subtracted the other pairs, and could als
to perform register-indirect addressing of bytes. On the Z80 the 16-bit operations stopped <
multiplication, division, logical operations and even comparison against zero, all of which ai
found on more modern 16 and 32-bit processors. We do not propose to describe the instru
in any detail; hopefully the reader will be able to understand the code fragments below fromn
commentary given alongside.

As an example, let us consider Z80 code for the simple assignment statement
Il =4 +J-K

wherel, J andK are integers, each stored in two bytes. A fairly optimal translation of this, n
use of theHL register pair as a 16 bit accumulator, but not using a stack in any way, might be
follows:

LD HL, 4 ; HL := 4

LD DE, (J) : DE := MeniJ]

ADD  HL, DE : HL := HL + DE (4 +J)
LD DE, (K) : DE := MeniK]

oR A ; just to clear Carry

SBC HL, DE : H.:=H. - DE- Carry (4 +J - K
LD (1), H ;oMen{1] = HL

On the Z80 this amounted to some 18 bytes of code. The only point worth noting is that, un
addition, there was no simple 16-bit subtraction operation, only one which involved a carry
which consequently required unsetting befese could be executed. By contrast, the same
statement coded for our hypothetical machine would have produced 13 words of code

ADR | ; push address of |

LIT 4 ; push constant 4

ADR ] ; push address of J

VAL ; replace with value of J
ADD 4+ ]

ADR K ; push address of K

VAL ; replace with value of K
SUB 4+ 7 - K

STO ; store on |

and for a simple single-accumulator machine like that discussed in Chapter 4 we should pri
think of coding this statement on the lines of

LDl 4
ADD J
SUB K
STA |

- K
- K

- >>>
TIRTINTINT
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+ + +
[ SR Sy

How do we begin to map stack machine code to these other forms? One approach might b
consider the effect of the opcodes, as defined in the interpreter in Chapter 4, and to arrang
code generating routines likeackaddr ess, st ackconst ant andassi gn generate code equivale
to that which would be obeyed by the interpreter. For convenience we quote the relevant
equivalences again. (We us¢o denote the virtual machine top of stack pointer, to avoid cont
with thesp register of the Z80 real machine.)

ADR address : T :=T 1; Men{T] := address (push an address)

LI T val ue T:=T- 1, Men[T] := value (push a constant)
VAL o Men[T] := Meni{MeniT]] (dereference)

ADD c T:=T+1; Men{T] := Men{T] + Men{T-1] (addition)

SUB T :=T+1; Men[T] := Men{T] Men{ T-1] (subtraction)

STO oo Menf Men{ T+1]] := Men{T]; T:=T + 2 (store top-of-stack)

It does not take much imagination to see that this would produce a great deal more code th
should like. For example, the equivalent Z80 code far aropcode, obtained from a translatior



the sequence above, and generatest bykconst ant (Num) might be

T:=T-1 . LD HL, (T) ;o HL =T
DEC HL ;o HL:=HL - 1
DEC HL ;o HL :=HL - 1
LD (T), H ;o T = H
Men{ T] = Num . LD DE, Num ; DE = Num
LD (HL), E ; store | ow order byte
INC HL ;o HO := HL + 1
LD (HL), D ; store high order byte

which amounts to some 14 bytes. We should commentithaust be decremented twice to allc
for the fact that memory is addressed in bytes, not words, and that we have to store the twe
of the register paibE in two operations, "bumping" the pair (used for register indirect
addressing) between these.

If the machine for which we are generating code does not have some sort of hardware stac
might be forced or tempted into taking this approach, but fortunately most modern processc
incorporate a stack. Although the Z80 did not support operationatikandsus on elements of
its stack, the pushing which is implicitiinT andADR is easily handled, and the popping and
pushing implied byaDD andsuB are nearly as simple. Consequently, it would be quite simple
write code generating routines which, for the same assignment statement as before, would
effects shown below.

ADR | : LD HL, | ; HL : = address of |
PUSH HL ; push address of |
LIT 4 : LD DE, 4 ; DE := 4
PUSH DE ; push value of 4
ADR J : LD HL, J ; HL : = address of J
PUSH HL ; push address of J *
VAL : POP  HL ; HL : = address of variable *
LD E, (HL) ; E := Men{HL] |ow order byte
INC HL ; HL := HL + 1
LD D, (HL) ; D := MenfHL] high order byte
PUSH DE ; replace with value of J
ADD : POP DE ; DE : = second operand *
POP HL ; HL := first operand
ADD HL, DE ; HL := HL + DE
PUSH HL 4+ ]
ADR K LD HL, K ; HL : = address of K
PUSH HL ; push address of K *
VAL : POP HL ; HL := address of variable *
LD E, (HL) ; E := low order byte
INC HL ; HL ;= HL + 1
LD D, (HL) ; D : = high order byte
PUSH DE ; replace with value of K *
SuB : POP  DE ; DE : = second operand *
POP HL ; HL := first operand
OoR A ; unset carry
SBC HL, DE ; HL := HL - DE - carry
PUSH HL 4+ - K **
STO : POP  DE ; DE := value to be stored *
POP HL ; HL : = address to be stored at
LD (HL), E ; Men{HL] := E store |ow order byte
INC HL ; HL := HL + 1
LD (HL), D ; Men{HL] := D store high order byte
; store on |

We need not present code generator routines based on these ideas in any detail. Their inte
be fairly clear - the code generated by each follows distinct patterns, with obvious differenc
handled by the parameters which have already been introduced.

For the example under discussion we have generated 41 bytes, which is still quite a long w
the optimal 18 given before. However, little effort would be required to reduce this to 32 byt
easy to see that 8 bytes could simply be removed (the ones marked with a single asterisk),
operations of pushing a register pair at the end of one code generating sequence and of pc
same pair at the start of the next are clearly redundant. Another byte could be removed by



the two marked with a double asterisk by a one-byte opcode for exchangbigatheHL pairs (the
Z80 codeEx DE, HL does this). These are examples of so-called "peephole” optimization, an
quite easily included into the code generating routines we are contemplating. For example,
algorithm forassi gn could be

PROCEDURE Assi gn;
(* CGenerate code to store top-of-stack on address stored next-to-top *)
BEG N
I F last code generated was PUSH HL
THEN replace this PUSH HL wi th EX DE, HL
ELSI F | ast code generated was PUSH DE
THEN del ete PUSH DE
ELSE generate code for POP DE
END;
generate code for POP HL; generate code for LD (HL), E
generate code for INC HL; generate code for LD (HL),D
END;

(The reader might like to reflect on the kinds of assignment statements which would give ris
three possible paths through this routine.)

By now, hopefully, it will have dawned on the reader that generation of native code is probe
strongly influenced by the desire to make this compact and efficient, and that achieving this
objective will require the compiler writer to be highly conversant with details of the target m.
and with the possibilities afforded by its instruction set. We could pursue the ideas we have
introduced, but will refrain from doing so, concentrating instead on how one might come up
better structure from which to generate code.

15.3.2 Abstract syntax trees asintermediate r epresentations

In section 13.3 the reader was introduced to the idea of deriving an abstract syntax tree fro
expression, by attributing the grammar that describes such expressions so as to add sema
that construct the nodes in these trees and then link them together as the parsing process |
out. After such a tree has been completely constructed by the syntactic/semantic analysis
even during its construction) it is often possible to carry out various transformations on it be
embarking on the code generation phase that consists of walking it in some convenient wa’
generating code apposite to each node as it is visited.

In principle we can construct a single tree to represent an entire program. Initially we shall |
simply to demonstrate the use of trees to represent the expressions that appear on both sic
Assignments, as components éteadSatements andWriteStatements and as components of the
Condition in IfStatements andWhileStatements. Later we shall extend the use of trees to handle
compilation of parameterized subroutine calls as well.

A tree is usually implemented as a structure in which the various nodes are linked by pointe
so we declare assT type to be a pointer toNDDE type. The nodes are inhomogeneous. When
declare them in traditional implementations we resort to using variant records or unions, bu
C++ implementation we can take advantage of inheritance to derive various node classes fr
base class, declared as

struct NODE {
int val ue; /1 value to be associated with this node
bool defi ned; /1 true if value is predictable at conpile tine
NODE( ) { defined = 0; }
virtual void emtl(void) 0;
virtual void emt2(void) 0;
Il ... further menbers as appropriate

H
where theeni t member functions will be responsible for code generation as the nodes are v



during the code generation phase. It makes sense to think of a value associated with each
either a value that can be predicted at compile-time, or a value that will require code to be ¢
to compute it at run-time (where it will then be stored in a register, or on a machine stack, p

When constants form operands of expressions they give rise to nodes of aCOMBPNEDE class:

struct CONSTNCDE : public NODE {

CONSTNODE(i nt V) { value = V; defined = true; }
virtual void emtl(void); /'l generate code to retrieve value of constant
virtual void emt2(void) {;

b

Operands in expressions that are known to be associated with variables are handled by int
a derivedvARNODE class. Such nodes need to store the variable’s offset address, and to prov
least two code generating member functions. These will handle the generation of code whe
variable is associated withvaalueDesignator (as it is in &actor) and when it is associated with
VariableDesignator (as it is on the left side of akssignment, or in aReadStatement).

struct VARNODE : public NODE {
int offset; /1 offset of variable assigned by conpiler
VARNCDE() {;} /'l default constructor

VARNCDE(i nt O { offset = QO }
virtual void emtil(void); /'l generate code to retrieve value of variable
virtual void emt2(void); /1 generate code to retrieve address of variable

b

To handle access to the elements of an array we deriwebaEXNODE class from th&ARNCDE class
The member function responsible for retrieving the address of an array element has the

responsibility of generating code to perform run-time checks that the index remains in boun
we need further pointers to the subtrees that represent the index expression and the size o

struct | NDEXNCDE : public VARNODE {

AST si ze; /1 for range checking

AST i ndex; /1 subscripting expression

| NDEXNODE(int O AST S, AST |) { offset = O size =S; index =1; }

11 voi d emit1(void) is inherited from VARNCDE

virtual void emt2(void); /1 code to retrieve address of array el enent

3

Finally, we derive two node classes associated with unary (prefix) and binary (infix) arithme
operations

struct MONOPNCDE : public NODE {
CCGEN_operators op;
AST oper and;
MONOPNODE( CGEN_operators O, AST E) { op = O operand = E }
virtual void em til(void); /'l generate code to evaluate "op operand"
virtual void emt2(void) {;}

3

struct BI NOPNCDE : public NODE {
CGEN_oper ators op;
AST left, right;
Bl NOPNODE( CCGEN_operators O, AST L, ASTR) { op = O left =1L; right = R }
virtual void emtl(void); /1 generate code to evaluate "left op right"
virtual void emt2(void) {;}

b
The structures we hope to set up are exemplified by considering an assignment statement
AX+ 4] := (A3 +2 *(5-4*1) -Y

We use one tree to represent the address used for the destination (left side), and one for tr
the expression (right side), as shown in Figure 15.1, where for illustration the @&ragsumed t
have been declared with an size of 8.
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Figure 15.1 AST structures for the statement
ALY + 41 := (AL2] + 21 # (5 - 4 # 11 -V

Tree-building operations may be understood by referring to the attributes with which a Coct
grammar would be decorated:

Assi gnnent
= (. AST dest, exp; .)
Vari abl e<dest> ": ="
Expr essi on<exp> SYNC (. CGen->assign(dest, exp); .)

Vari abl e<AST &V>
= (. TABLE entries entry; .)
Desi gnat or<V, classset(TABLE vars), entry>.

DeS| gnat or <AST &D, cl assset all owed, TABLE entries &entry>
(. TABLE al fa nane;
AST index, size;

bool found;
D = CGen->enptyast(); .)
| dent <name> (. Tabl e->search(nanme, entry, found);

if (!found) SenError(202);
if ('allowed. menb(entry.idclass)) SenError(206);

if (entry.idclass != TABLE vars) return;
CGen- >st ackaddress(D, entry.v.offset); .)
" r" (. if (entry.v.scalar) SenError(204); .)
Expr essi on<i ndex> (. if ('entry.v.scalar)

/* determ ne size for bounds check */
{ CGen->stackconstant(size, entry.v.size);
CGen->subscript(D, entry.v.offset,
size, index); } .)
"
| (. if ('entry.v.scalar) SenError(205); .)
) .

Expr essi on<AST &E>
= (. AST T,

CCGEN _operators op;

E = CGen->enptyast(); .)

( "+" Ter nkE>
"-" Ter nkE> (. CGen->negateinteger(E); .)
| Ter nxE>
)
{ AddOp<op> Ter nxT> (. CGen->bi naryi ntegerop(op, E T); .)
} .

Ter nkAST &T>
= (. AST F;
CGEN_operators op; .)
Fact or <T>
{ (. Ml Op<op>
/* mssing op */ (. SynError(92); op = CGEN_opnul;
) Factor<F> (. CGen->bi naryi ntegerop(CGENop, T, F); .)

Fact or <AST &F>
= (. TABLE entries entry;
int val ue;
= CGen->enptyast(); .)
Desi gnat or <F, cl assset (TABLE consts, TABLE vars), entry>



(. switch (entry.idclass)
{ case TABLE consts :
CGen->st ackconstant (F, entry.c.value);
br eak;
default : break;

3
| Number <val ue> (. CGen->stackconstant(F, value); .)
| "(" Expression<F> ")"

The reader should note that:

® This grammar is very close to that presented earlier. The code generator interface is ¢
only in that the various routines need extra parameters specifying the subtrees that th
manipulate.

® The productions fobesignator, Expression andFactor take the precaution of initializing
their formal parameter to point to an "empty" node, so that if a syntax error is detectec
nodes of a tree will still be well defined.

In a simple system, the various routines kkackconst ant, stackaddress and
bi naryi nt eger op do little more than call upon the appropriate class constructors. As an exe
the routine fombi nar yi nt eger op is merely

voi d bi naryi nt eger op( CGEN _operators op, AST & eft, AST & ight)
{ left = new BI NOPNCDE(op, left, right); }

where we note that thef t parameter is used both for input and output (this is done to keep
code generation interface as close as possible to that used in the previous system). These
simply build the tree, and do not actually generate code.

Code generation is left in the charge of routinesdid« gn, j unponf al se andr eadval ue, which
take new parameters denoting the tree structures that they are required to walk. This may |
exemplified by code for thessi gn routine, as it would be developed to generate code for our
simple stack machine

voi d CGEN: : assi gn( AST dest, AST expr)
{ if (dest) beware of corrupt trees
{ dest->emt2(); generate code to push address of destination
del ete dest; recovery nmenory used for tree

~—
~—

}
if (expr)
{ expr->emti();
del ete expr;
emt(int(STKMC sto));
}
}

In typical OOP fashion, each subtree "knows" how to generate its own codeVArRcaE, for
example, and for our stack machine, we would definerthe members as follows:

beware of corrupt trees

generate code to push val ue of expression
recovery menory used for tree

generate the store instruction

~———
~———

voi d VARNCDE: : emi t 1(voi d) /1 load variable value onto stack
{ emt2(); CGen->enit(int(STKMC val)); }

voi d VARNCDE: : eni t 2(voi d) /1 load variable address onto stack
{ CGen->enit(int(STKMC adr)); CGen->enit(-offset); }

15.3.3 Simple optimizations - constant folding

The reader may need to be convinced that the construction of a tree is of any real value, es
when used to generate code for a simple stack machine. To back up the assertion that
transformations on a tree are easily effected and can lead to the generation of better code,
reconsider the statement



ALX+4] := (A3 +2) *(5-4*1) -Y

It is easy to identify opportunities for code improvement:

® Al 3] represents an array access with a constant index. There is no real need to comp
additional offset for| 3] at run-time. It can be done at compile-time, along with a
compile-time (rather than run-time) check that the subscript expression is "in bounds".

® Similarly, the subexpression (5 - 4 * 1) only has constant operands, and can also be e
at compile-time.

Before any code is generated, the trees for the above assignment could be reduced to thos
in Figure 15.2.

dest inat ion EHprEssion

|
IMDEXMHODE
DFngt ALE] EIMOPHODE
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right 1
EIMOFHODE COMSTHODE |
op _+ value 8 EIHOFHODE LJARHODE
[——— left op #* of fset Y

right ] lefﬁt
right ———
LJARHODE COMSTHODE
of fset value 4 EIMOFHODE COMSTHODE
op + walue 1
left
right |

LJARMODE LARHODE
offset HLZ] offset £

Figure 15.2 Imorowed AST structures for the statement
ACX + 41 := (A[2] + 2) # (5 - 4 # 11 - %

These sorts of manipulations fall into the category knowsoagant folding. They are easily
added to the tree- building process, but are rather harder to do if code is generated on the
Constant folding is implemented by writing tree-building routines modelled on the following:

voi d CCEN: : subscript (AST &base, int offset, AST &size, AST & ndex)
{ if (lindex || !'index->defined /'l check for well defined
|| 'size || !size->defined) /1 trees and constant index
{ base = new | NDEXNCDE( of f set, size, index); return; }
if (unsigned(index->value) >= size->val ue)

Report->error(223); /1 report range error immediately
el se /'l sinple variabl e designator
base = new VARNODE( of f set + i ndex->val ue);
del ete index; delete size; /1 and del ete the unused debris
}
voi d CCEN: : bi nar yop( CGEN_operators op, AST & eft, AST &right)
{ if (left & right) /'l beware of corrupt trees
{ if (left->defined && right->defined) // both operands are constant
{ switch (op) /1 so do conpile-tine evaluation
{ case CCGEN opadd: |eft->value += right->val ue; break;
case CCGEN opsub: |eft->value -= right->val ue; break;
/1 ... others like this
delete right; return; /1 discard one operand

left = new BI NOPNODE(op, left, right); // construct proper bin op node
}

The reader should notice that such constant folding is essentially machine independent (as
that the arithmetic can be done at compile-time to the required precision). Tree constructior
represents the last phase of a machine-independent front end to a compiler; the routines th
the tree become machine dependent.

Recognition and evaluation of expressions in which every operand is constant is useful if o



wishes to extend the language in other ways. For example, we may now easily extend our
language to allow for constant expressions wionstDeclarations:

Const Decl ar ati ons
OneConst
Const Expr essi on

"CONST* OneConst { OneConst } .
identifier "=" ConstExpression ";"
Expression .

We can make use of the existing parsing routines to har@@astExpression. The attributes in a
Cocol specification would simply incorporate a constraint check that the expression was, in
"defined”, and if so, store the "value" in the symbol table.

15.3.4 Simple optimizations - removal of redundant code

Production quality compilers often expend considerable effort in the detection of structures
which no code need be generated at all. For example, a source statement of the form

WH LE TRUE DO Sonet hi ng

does not require the generation of code like

LAB | F NOT TRUE GOTO EXI T END
Sonet hi ng
GOTO LAB

EXIT

but can be reduced to

LAB Sonet hi ng
GOTO LAB

and, to take a more extreme case, if it were ever written, source code like

WH LE 15 < 6 DO Sonet hi ng

could be disregarded completely. Once again, optimizations of this sort are most easily atte
after an internal representation of the source program has been created in the form of a tre
graph. A full discussion of this fascinating subject is beyond the scope of this text, and it wil
suffice merely to mention a few improvements that might be incorporated into a simple
tree-walking code generator for expressions. For example, the remaining multiplication by :
expression we have used for illustration is redundant, and is easily eliminated. Similarly,
multiplications by small powers of 2 could be converted into shift operations if the machine
supports these, and multiplication by zero could be recognized as a golden opportunity to I
constant of O rather than perform any multiplications at all. To exemplify this, consider an e
from an improved routine that generates code to load the value resulting from a binary opel
onto the run-time stack of our simple machine:

voi d BI NOPNCDE: : emi t 1(voi d)
/1 load value onto stack resulting frombinary operation
{ bool folded = fal se;
if (left & right) /'l beware of corrupt trees
{ switch (op) /1 redundant operations?
{ case CGEN_ opadd:
if (right->defined & right->value == 0) // x + 0 = X
{ left->emt1(); folded = true; }
/Il ... other special cases
br eak;
case CCEN_opsub:
/1 ... other special cases
case CGEN_opmul :
if (right->defined & right->value == 1) // x * 1 = X
{ left->emt1(); folded = true; }
else if (right->defined & right->value == 0) // x * 0 =0
{ right->emit1(); folded = true; }
/1 ... other special cases



br eak;
case CCEN_ opdvd:

/1 ... other special cases

}
if (!folded) /1 still have to generate code
{if (left) left->emt1(); /'l beware of corrupt trees

if (right) right->emt1();

CGen->em t (int (STKMC add) + int(op)); /1 careful - ordering used
}
delete left; delete right; /1 remove debris

}

These sorts of optimizations can have a remarkable effect on the volume of code that is ge
assuming, of course, that the expressions are littered with constants.

So far we have assumed that the structures set up as we parse expressions are all binary t
node has subtrees that are disjoint. Other structures are possible, although creating these «
routines more complex than we have considered up till now. If we relax the restriction that ¢
must be disjoint, we introduce the possibility of using a so-cdilestted acyclic graph (DAG).
This finds application in optimizations in which common subexpressions are identified, so tl
for them is generated as few times as possible. For example, the expression
(@a*a+b*b)/(a* a-b* b) could be optimized so as to compute each’of andb * b only
once. A binary tree structure and a DAG for this expression are depicted in Figure 15.3, bu
treatment of this topic is beyond the scope of this text.
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Figure 15.32 (a) Binary tree corresponding o eppression
[z % a+b#hb »(a#*a-b#hl

(bl DAG correspondlng to EHpression

(2% a+b#*#bB ~(a#%3-Db#*hbl

15.3.5 Generation of assembler code

We should also mention another approach often taken in providing native code compilers,

especially on small machines. This is to generate output in the form of assembler code that
be processed in a second pass using a macro assembler. Although carrying an overhead il
compilation speed, this approach has some strong points - it relieves the compiler writer of
developing intensely machine dependent bit manipulating code (very tiresome in some lang
like the original Pascal), handling awkward forward referencing problems, dealing with opel
system and linkage conventions, and so forth. It is widely used on Unix systems, for examg

On the source diskette can be found such a code generator. This can be used to construct
that will translate Clang programs into the ASSEMBLER language for the tiny single-accun
machine discussed in Chapter 4, and for which assemblers were developed in Chapter 6. (
there is a very real restriction on the size of source program that can be handled by this sys
the code generator employs several optimizations of the sort discussed earlier, and is an e
example of code that the reader is encouraged to study. Space does not permit of a full de:
but the following points are worth emphasizing:

® An on-the-fly code generator for this machine would be very difficult to write, but the C
description of the phrase structure grammar can remain exactly the same as that use(



stack machine. Naturally, the internal definitions of some members of the node classe
different, as are the implementations of the tree- walking member functions.

® The single-accumulator machine has conditional branching instructions that are very ¢
from those used in the stack machine; it also has a rather non-orthogonal set of these
calls for some ingenuity in the generation of codeCamditions, IfStatements and
WhileSatements.

® The problem of handling the forward references needed in conditional statements is le
later assembler stage. However, the code generator still has to solve the problem of g
a self-consistent set of labels for those instructions that need them.

® The input/output facilities of the two machines are rather disparate. In particular the
single-accumulator machine does not have an special operation for writing strings. Th
handled by arranging for the code generator to create and call a standard output subr
this purpose when it is required. The approach of generating calls to standardized libr
routines is, of course, very widespread in real compilers.

® Although capable of handling access to array elements, the code generator does not |
any run-time subscript checks, as these would be prohibitively expensive on such a til
machine.

® The machine described in Chapter 4 does not have any operations for handling multig
and division. A compiler error is reported if it appears that such operations are needec

Exercises

Implementations of tree-based code generators for our simple stack machine can be found
source diskette, as can the parsers and Cocol grammars that match these. The Modula-2 ¢
implementations make use of variant records for discriminating between the various classe
nodes; G+ versions of these are also available.

15.25 If you program in Modula-2 or Pascal and have access to an implementation that suy
OOP extensions to these languages, derive a tree-walking code generator based-omtiaelC

15.26 The constant folding operations perform little in the way of range checks. Improve the

15.27 Adapt the tree-walking code generator for the stack machine to support the extensiol
have made to Clang or Topsy.

15.28 Adapt the tree-walking code generator for the single-accumulator machine to suppor
extensions you have made to Clang or Topsy.

15.29 Extend the single-accumulator machine to support multiplication and division, and ex
code generator for Clang or Topsy to permit these operations (one cannot do much multipli
and division in an 8-bit machine, but it is the principle that matters here).

15.30 Follow up the suggestion made earlier, and extend Clang or Topsy to allow constant
expressions to appear in constant declarations, for example



CONST

Max = 100;
Limt =2 * Max + 1;
Neghax = - Max;

15.31 Perusal of our example assignment should suggest the possibility of producing a still
tree for the right-hand side expression (Figure 15.4(a)). And, were the assignment to have

ALX +4] := (A3] +2) * (4-4%1) -Y

perhaps we could do better still (see Figure 15.4(b)). How would you modify the tree-buildir
routines to achieve this sort of improvement? Can you do this in a way that still allows your
compiler to support the notion of a constant expression as part of a constant declaration?

eHpression EHpression
EINMOFMHODE MOMOFHODE
op - op -
left operand
right ]
EINMOFHODE LJARHODE LJARHODE
op + offset Y offset Y
left
right ]
LIARMODE LARHODE
offset HAHLE] offset £
Figure 15.4 0Optimal AST struyctures for the edpressions
la [H[S]+E]*[5—4*1]—'~r‘ (b)Y (AC3] + 21 % (4 — 4 % 11 - ¢

15.32 (More extensive) Modify the attributed grammar and tree-building code generator so
node classes are introduced for the various categorf&atedent. Then develop code generatol
routines that can effect the sorts of optimizations hinted at earlier for removing redundant c
unreachable componentslfftatements andWhileStatements. Sophisticated compilers often isst
warnings when they discover code that can never be executed. Can you incorporate such ¢
into your compiler?

15.33 (Harder) Use a tree-based representation to generate code for Boolean expressions
require short- circuit semantics (see Exercises 13.10 and 15.19).

15.34 (More extensive) Develop a code generator for a register-based machine such as the
suggested in section 13.3. Can you do this without altering the Cocol specification, as we ¢
possible for the single-accumulator machine of Chapter 4?

15.35 Many development environments incorporate "debuggers" - sophisticated tools that \
the execution of a compiled program in conjunction with the source code, referring run-time
to source code statements, allowing the user to interrogate (and even alter) the values of vi
by using the identifiers of the source code, and so on. Development of such a system coulc
very open- ended project. As a less ambitious project, extend the interpretive compiler for (
Topsy that, in the event of a run-time error, will relate this to the corresponding line in the s
and then print a post-mortem dump showing the values of the variables at the time the erro
occurred. A system of this sort was described for the well-known subset of Pascal known a
Pascal-S (Wirth, 1981; Rees and Robson, 1987), and is also used in the implementation of
simple teaching language Umbriel (Terry, 1995).

15.36 Develop a code generator that produces correct €&aadde from Clang or Topsy source




Further reading

Our treatment of code generation has been dangerously superficial. "Real" code generatior
become highly machine dependent, and the literature reflects this. Although all of the stand
have a lot to say on the subject, those texts which do not confine themselves to generalities
stopping short of showing how it is actually done) inevitably relate their material to one or o
real machine, which can become confusing for a beginner who has little if any experience ¢
machine. Watson (1989) has a very readable discussion of the use of tree structures. Cons
more detail is given in the comprehensive books by Aho, Sethi and Ullman (1986) and Fisc
LeBlanc (1988, 1991). Various texts discuss code generation for familiar microprocessors.
example, the book by Mak (1991) develops a Pascal compiler that generates assembler co
Intel 80x86 range of machines, and the book by Ullman (1994) develops a subset Modula-:
compiler that generates a variant of Intel assembler. The recent book by Holmes (1995) us
orientation to develop a Pascal compiler, discussing the generation of assembler code for ¢
SPARC workstation. Wirth (1996) presents a tightly written account of developing a compile
subset of Oberon that generates code for a slightly idealized processor, modelled on the
hypothetical RISC processor named DLX by Hennessy and Patterson (1990) to resemble t
processor. Elder (1994) gives a thorough description of many aspects of code generation ft
advanced stack-based machine than the one described here.
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16 SSIMPLE BLOCK STRUCTURE

Our simple language has so far not provided forpttoeedure concept in any way. It is the aim ¢
the next two chapters to show how Clang and its compiler can be extended to provide proc
and functions, using a model based on those found in block-structured languages like Mod:
Pascal, which allow the use of local variables, local procedures and recursion. This involve:
deeper treatment of the concepts of storage allocation and management than we have nee
previously.

As in the last two chapters, we shall develop our arguments by a process of slow refinemet
source diskette will be found Cocol grammars, hand-crafted parsers and code generators c
each stage of this refinement, and the reader is encouraged to study this code in detail as |
reads the text.

16.1 Parameterless procedures

In this chapter we shall confine discussion to parametamgasar procedures (or void functions
in C++ terminology), and discuss parameters and value-returning functions in the following

16.1.1 Source handling, lexical analysisand error reporting

The extensions to be discussed in this chapter require no changes to the source handler, s
error reporter classes that were not pre-empted in the discussion in Chapter 14.

16.1.2 Syntax

Regular procedure declaration is inspired by the way it is done in Modula-2, described in El

Bl ock = { ConstDeclarations | VarDeclarations | ProcDeclaration }
ConpoundsSt at enent .
ProcDecl arati on = "PROCEDURE" Procldentifier ";" Block ";"

It might be thought that the same effect could be achieved with
ProcDecl arati on = "PROCEDURE" Procldentifier ";" ConpoundStatenment ";"

but the syntax first suggested allows for nested procedures, and for named constants and \
to be declared local to procedures, in a manner familiar to all Modula-2 and Pascal progran

The declaration of a procedure is most easily understood as a process whereby a
CompoundStatement is given a name. Quoting this name at later places in the program then
execution of thaCompoundStatement. By analogy with most modern languages we should like
extend our definition o8tatement as follows:

St at ement = [ ConpoundStatenent | Assignment | ProcedureCall
| I'fStatenent | Wil eStatenment
| WiteStatement | ReadStatenent ] .
ProcedurecCal | = Procldentifier .

However, this introduces a non-LL(1) feature into the grammar, for now we have two altern
for Satement (namelyAssignment andProcedureCall) that begin with lexically indistinguishable



symbols. There are various ways of handling this problem:

® A purely syntactic solution for this simple language is possible if we re-factor the gram

St at enment = [ ConpoundStatenment | Assignment O Cal |
| IfStatement | Wil eStatenent
| WiteStatement | ReadStatenment ] .
AssignmentOrCall = Designator [ ":=" Expression ] .

so that &rocedureCall can be distinguished from @ssignment by simply looking at the
first symbol after th®esignator. This is, of course, the approach that has to be followec
when using Coco/R.

® A simple solution would be to add the keywawrd L before a procedure identifier, as in
Fortran, but this rather detracts from readability of the source program.

® Probably because the semantics of procedure calls and of assignments are so differe
solution usually adopted in a hand-crafted compiler is a static semantic one. To the lis
allowed classes of identifier we add one that distinguishes procedure names uniquely
the symbol starting &atement is an identifier we can then determine from its symbol tat
attributes whether afAissignment or ProcedureCall is to be parsed (assuming all identifier:
have been declared before use, as we have been doing).

16.1.3 The scope and extent of identifiers

Allowing nested procedures - or even local variables on their own - introduces the concept
scope, which should be familiar to readers used to block-structured languages, although it ©
causes confusion to many beginners. In such languages, the "visibility" or "accessibility" of
identifier declared in 8lock is limited to that block, and to blocks themselves declared local 1
block, with the exception that when an identifieradeclared in one or more nested blocks, the
innermost accessible declaration applies to each particular use of that identifier.

Perhaps any confusion which arises in beginners’ minds is exacerbated by the fact that the
fine distinction between compile-time and run-time aspects of scope is not always made cle
compile-time, only those names that are currently "in scope™ will be recognized when trans|
statements and expressions. At run-time, each variable leateanhor lifetime. Other than the

"global variables" (declared within the main program in Modula-2 or Pascal, or outside of al
functions in G+), the only variables that "exist" at any one instant (that is, have storage allot
them, with associated values) are those that were declared local to the blocks that are "acti
is, are associated with procedures that have been called, but which have not yet returned).

One consequence of this, which a few readers may have fallen foul of at some stage, is the
variables declared local to a procedure cannot be expected to retain their values between ¢
the procedure. This leads to a programming style where many variables are declared globe
they should, ideally, be "out of scope” to many of the procedures in the program. (Of courst
use of modules (in languages like Modula-2) or classes+#) &lows many of these to be hidd:
safely away.)

Exercises

16.1 Extend the grammar for Topsy so as to support a program model more like that in+z,a



in which routines may not be nested, although both global and local variables (and constan
be declared.

16.1.4 Symbol table support for the scope rules

Scope rules like those suggested in the last section may be easily handled in a number of \
of which rely on some sort of stack structure. The simplest approach is to build the entire s
table as a stack, pushing a node onto this stack each time an identifier is declared, and poy
several nodes off again whenever we complete parddhock, thereby ensuring that the names
declared local to that block then go out of scope. The stack structure also ensures that if tw
identifiers with the same names are declared in nested blocks, the first to be found when s¢
the table will be the most recently declared. The stack of identifier entries must be augmenti
some way to keep track of the divisions between procedures, either by introducing an extra
into the possibilities for theABLE ent ri es structure, or by constructing an ancillary stack of
special purpose nodes.

The discussion will be clarified by considering the shell of a simple program:

PROGRAM Mai n;

VAR Gl1; (* global *)
PROCEDURE One;
VAR L1, L2; (* local to One *)
BEG N

(* body of One *)
END;

BEG N
(* body of Main *)

END.
For this program, either of the approaches suggested by Figure 16.1(a) or (b) would appea
suitable for constructing a symbol table. In these structures, an extra "sentinel" node has be
inserted at the bottom of the stack. This allows a search of the table to be implemented as
possible, by inserting a copy of the identifier that is being sought into this node before the (|
search begins.
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Figure 16.1 Stack based S#mbpl Table (&)l with extra nodes mark ing scope
boundaries (B) with ancillarw stack marking scope boundaries

As it happens, this sort of structure becomes rather more difficult to adapt when one extenc
language to allow procedures to handle parameters, and so we shall promote the idea of hi
stack ofscope nodes, each of which contains a pointer to the scope node corresponding to ar
scope, as well as a pointer to a structunel@ttifier nodes pertinent to its own scope. This latter
structure could be held as a stack, queue, tree, or even hash table. Figure 16.2 shows a sit
where queues have been used, each of which is terminated by a common sentinel node.
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Figure 16.2 Symbol Table based on a set of queues, with ancillary stack
marck ing scope boundaries

Although it may not immediately be seen as necessary, it turns out that to handle the addre
aspects needed for code generation we shall need to associate with each iderd#ite tbe at
which it was declared. The revised public interface to the symbol table class requires decla
like

enum TABLE_ i dcl asses { TABLE consts, TABLE vars, TABLE progs, TABLE procs };

struct TABLE entries {

TABLE al fa nane; /1 identifier
int |evel; Il static level
TABLE i dcl asses i dcl ass; /'l class
uni on {
struct {
int val ue;
} c; /1 constants
struct {
int size, offset;
bool scal ar;
}ov; /1 variabl es
struct {
CGEN_| abel s entrypoi nt;
}op; /1 procedures

}s
}

class TABLE {
publi c:
voi d openscope(void);
/1 Opens new scope before parsing a bl ock

voi d cl osescope(void);
/1 C oses scope after parsing a bl ock

. Il rest as before (see section 14.6.3)
On the source diskette can be found implementations of this symbol table handler, while a
extended to meet the requirements of Chapter 17 can be found in Appendix B. As usual, a
comments on implementation techniques may be helpful to the reader:

® The symbol table handler manages the computatioaved internally.

® Anentry is passed by reference to the er routine, so that, when required, the caller is
able to retrieve this value after an entry has been made.

® The outermost program block can be defined as level 1 (some authors take it as level
reserve this level for standard "pervasive" identifiers -1IIIKEEGER, BOOLEAN, TRUE and
FALSE).

® |t is possible to have more than one entry in the table with the samealthough not withi
a single scope. The routine for adding an entry to the table checks that this constraint



obeyed. However, a second occurrence of an identifier in a single scope will result in
entry in the table.

® The routine for searching the symbol table works its way through the various scope le
from innermost to outermost, and is thus more complex than before. A sadirteh will,
however, always return with a value tont r y which matches theane, even if this had not
been correctly declared previously. Such undeclared identifiers will seem to have an €
i dcl ass = TABLE_pr ogs, Which will always be semantically unacceptable when the
identifier is analysed further.

Exercises

16.2 Follow up the suggestion that the symbol table can be stored in a stack, using one or
the methods suggested in Figure 16.1.

16.3 Rather than use a sepasttePE_nodes structure, develop a version of the symbol table ¢
that simply introduces another variant into the exist®LE_ent ri es structure, that is, extend t
enumeration to

enum TABLE idcl asses { TABLE consts, TABLE vars, TABLE progs, TABLE procs,
TABLE scopes };

16.4 How, if at all, does the symbol table interface require modification if you wish to develc
Topsy language to suppetii d functions?

16.5 In our implementation of the table class, scope nodes are deleted bys#¥eope routine.
Is it possible or advisable also to delete identifier nodes when identifiers go out of scope?

16.6 Some compilers make use of the idea of a forest of binary search trees. Develop a tak
handler to make use of this approach. How do you adapt the idea that aeallcto will always
return a well-definednt ry?

For example, given source code like

PROGRAM Si | | y;
VAR B, A C

PROCEDURE One;
VAR X, Y, Z

PROCEDURE Two;
VAR Y, D

the symbol table might look like that shown in Figure 16.3 immediately after deataring
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Figure 16.3 Swmbol Table based on a forest of Binary Search Trees

Further reading

More sophisticated approach to symbol table construction are discussed in many texts on ¢
construction. A very readable treatment may be found in the book by Elder (1994), who als
discusses the problems of using a hash table approach for block-structured languages.

16.1.5 Parsing declar ations and procedure calls

The extensions needed to the attributed grammar to describe the process of parsing proce!
declarations and calls can be understood with reference to the Cocol extract below, where,
temporary clarity, we have omitted the actions needed for code generation, while retaining
needed for constraint analysis:

PRODUCTI ONS

Cl ang

= (. TABLE entries entry; .)
" PROGRAM'
| dent <ent ry. name> (. entry.idclass = TABLE progs;

Tabl e- >enter (entry); Tabl e->openscope(); .)

WEAK ";" Block "." .

Bl ock

= SYNC
{ ( ConstDeclarations | VarDeclarations | ProcDeclaration ) SYNC }
ConpoundSt at enent (. Tabl e->cl osescope();

ProcDecl arati on
= (. TABLE entries entry; .)

" PROCEDURE"
| dent <ent ry. name> (. entry.idclass = TABLE procs;
Tabl e- >enter (entry); Tabl e->openscope(); .)
WEAK ";" Block ";" .
St at enent
= SYNC [ ConpoundStatenent | AssignmentOrCall | |fStatenent

| WhileStatenent | ReadStatement | WiteStatenent ]

Assi gnnent O Cal |
= (. TABLE entries entry; .)
Desi gnat or <cl assset (TABLE vars, TABLE procs), entry>
(. if (entry.idclass != TABLE vars) SenError(210); .)
" =" Expression SYNC
| (. if (entry.idclass != TABLE procs) SenError(210); .)

) .
The reader should note that:

® Variables declared local toBhock will be associated with a level one higher than the blo
identifier itself.

® In a hand-crafted parser we can resolve the LL(1) conflict between the assignments a
procedure calls within the parser faatement, on the lines of



voi d Statenent(synset followers)
{ TABLE_ entries entry; bool found;
if (FirstStatenent. menb(SYMsym)) /1 allow for enpty statenents
{ switch (SYM sym
{ case SCAN identifier: /1 must resolve LL(1) conflict
Tabl e- >search(SYM nane, entry, found); // look it up
if (!found) Report->error(202); /'l undecl ared identifier
if (entry.idclass == TABLE procs) ProcedureCall (followers, entry);
el se Assignment (followers, entry);

br eak;
case SCAN i fsym /] other statenent forns
| fStatenent (fol |l owers); break; /1 as needed
}
test(followers, EnptySet, 32); /'l synchronize if necessary

}

Exercises

16.7 In Exercise 14.50 we suggested that undeclared identifiers might be entered into the <
table (and assumed to be variables) at the point where they were first encountered. Investis
whether one can do better than this by examining the symbol which appears after the offen
identifier.

16.8 In a hand-crafted parser, when calBhgck from within ProcDeclaration the semicolon
symbol has to be addedFRollowers, as it becomes the legal followerRibck. Is it a good idea tc
do this, since the semicolon (a widely used and abused token) will then be an element of al
Followers used in parsing parts of that block? If not, what does one do about it?

16.2 Stor age management

If we wish procedures to be able to call one another recursively, we shall have to think care
about code generation and storage management. At run-time there may at some stage be
instances of a recursive procedure in existence, pending completion. For each of these the
corresponding instances of any local variables must be distinct. This has a rather complica
effect at compile-time, for a compiler can no longer associate a simple address with each v
it is declared (except, perhaps, for the global variables in the main program block). Other a:
code generation are not quite such a problem, although we must be on our guard always tc
so-calledre-entrant code, which executes without ever modifying itself.

16.2.1 The stack frame concept

Just as the stack concept turns out to be useful for dealing with the compile-time accessibil
aspects o$cope in block-structured languages, so too do stack structures provide a solution
dealing with the run-time aspectsextent or existence. Each time a procedure is called, it acqu
a region of free store for its local variables - an area which can later be freed when control |
to the caller. On a stack machine this becomes almost trivially easy to arrange, although it |
more obtuse on other architectures. Since procedure activations strictly obey a first-in-last-
scheme, the areas needed for their local working store can be carved out of a single large ¢
Such areas are usually calledivation records or stack frames, and do not themselves contair
any code. In each of them is usually stored some standard information. This incluabtsrtie

address through which control will eventually pass back to the calling procedure, as well as
information that can later be used to reclaim the frame storage when it is no longer requirec



housekeeping section of the frame is calledthme header orlinkage area. Besides the storag
needed for the frame header, space must be also be allocated for local variables (and, pos
parameters, as we shall see in a later section).

This may be made clearer by a simple example. Suppose we come up with the following ve
on code for satisfying the irresistible urge to read a list of numbers and write it down in reve
order:

PROGRAM Backwar ds;
VAR Ter m nat or;

PROCEDURE Start;
VAR Local 1, Local 2;

PROCEDURE Rever se;
VAR Nunber ;
BEG N
Read( Nunber) ;
I F Terminator <> Nunber THEN Start; 10: Wite(Nunber)
END;

BEG N (* Start *)
Reverse; 20:

END;

BEG N (* Backwards *)
Terminator := 9,
Start; 30:

END (* Backwards *).

(Our language does not provide for labels; these have simply been added to make the des«
easier.)

We note that a stack is also the obvious structure to use in a non-recursive solution to the
so the example also highlights the connection between the use of stacks to implement rect
ideas in non-recursive languages.

If this program were to be given exciting data Biée65 9, then its dynamic execution would
result in a stack frame history something like the following, where each line represents the
layout of the stack frames as the procedures are entered and left.

Stack grows ---->
start main program Backwar ds
call Start Backwar ds Start
call Reverse Backwar ds Start Rever se
read 56 and recurse Backwar ds Start Rever se Start
and again Backwar ds Start Rever se Start Rever se
read 65 and recurse Backwar ds Start Rever se Start Rever se Start
and again Backwar ds Start Reverse  Start Reverse  Start Rever se
read 9, wite 9, return Backwar ds Start Rever se Start Rever se Start
and again Backwar ds Start Reverse  Start Rever se
wite 65 and return Backwar ds Start Rever se Start
and again Backwar ds Start Rever se
wite 56 and return Backwar ds Start
and again Backwar ds

At run-time the actual address of a variable somewhere in memory will have to be found by
subtracting amffset (which, fortunatelycan be determined aompile-time) from the address of
the appropriate stack frame (a value which, naturally but unfortunedelyot be predicted at
compile-time). The code generated at compile-time must contain enough information for the
run-time system to be able to find (or calculate) the base of the appropriate stack frame wh
needed. This calls for considerable thought.

The run-time stack frames are conveniently maintained as a linked list. As a procedure is ¢
can set up (in its frame header) a pointer to the base of the stack frame of the procedure th



it. This pointer is usually called tldyynamic link. A pointer to the top of this linked structure - t
is, to the base of the most recently activated stack frame - is usually given special status, a
called thebase pointer. Many modern architectures provide a special machine register espe«
suited for use in this role; we shall assume that our target machine has such a gepisted that
on procedure entry it will be set to the current value of the stack pemtehile on procedure ex
it will be reset to assume the value of the dynamic link emanating from the frame header.

If a variable is local to the procedure currently being executed, its run-time address will thei
given byBP - O f set, whered f set can be predicted at compile-time. The run-time address
non-local variable must be obtained by subtractingfitset from an address found by descenc
a chain of stack frame links. The problem is to know how far to traverse this chain, and at fi
seems easily solved, since at declaration time we have already made provision to associat
declaration level with each entry in the symbol table. When faced with the need to generate
address an identifier, we can surely generate code (at compile-time) which will use this info
to determine (at run-time) how far down the chain to go. This distance at first appears to be
predictable - nothing other than the difference in levels between the level we have reached
compilation, and the level at which the identifier (to which we want to refer) was declared.

This is nearly true, but in fact we cannot simply traverse the dynamic link chain by that nurr
steps. This chain, as its name suggests, reflectytienic way in which procedures acalled anc
their frames stacked, while the level information in the symbol table is relatedstatibelepth of
nesting of procedures as they wdeelared. Consider the case when the program above has ji
read the second data number At that stage the stack memory would have the appearance
depicted in Figure 16.4, where the following should be noted:

® The numberq11) used as the highest address is simply for illustrative purposes.

® Since we are assuming that the stack posres decrementebefore an item is pushed ont
the stack, the base regiseerwill actually point to an address just above the current top
frame. Similarly, immediately after control has been transferred to a procedure the sta
pointersp will actually point to the last local variable.

Address Purpose Contents
511 . +—+— Original BF, 5F = E11
E18 Terminator ERR frame for main program [ lewel 1)
EE2 DOuwnamic Link Ei1 —J
E@2 FReturn Address 287 frame for Start [lewel 2]
EE7  Locall 5
EBE  Localz o +—1
EEE  DOwnamic_Link EiH  —
S84 FReturn Address 287 | frame for Rewerse (lewel 3]
EB2  MHumber EE +—
EE2  DOuwnamic Link =151 —J
E@1 FReturn Address 1™ frame for Start [lewel 2]
EEE  Locall 5
499 Localz Y #+—|— BF = 499
498 DOwnamic_Link EQ3 —— EF - 1
497  FReturn Address  TzZET EF - 2 frame for Rewerse (lewel 3]
496 Number EE +—— 5P = 495

Figure 16.4 Appearance of run time stack after four procedure calls

The compiler would know (at compile-time) that ni nat or was declared at static level 1, and
could have allocated it an offset address of 1 (relative to the base pointer that is used for th
program). Similarly, when parsing the referenc&eiar nat or within Rever se, the compiler
would be aware that it was currently compiling at a static level 3 - a level difference of 2. Hc
generation of code for descending two steps along the dynamic link chain would result (at r
in a memory access to a dynamic link masquerading as a "variable" at location 505, rather
the variablerer ni nat or at location 510.



16.2.2 The static link chain

One way of handling the problem just raised is to provide a second chain for linking data se
one which will be maintained at run-time using only information that has been embedded in
code generated at compile- time. This second chain is callsththelink chain, and is set up
when a procedure is invoked. By now it should not take much imagination to see that callin
procedure is not handled by simply executing a machine derehstruction, but rather by the
execution of a complex activation and calling sequence.

Procedure activation is that part of the sequence that reserves storage for the frame heade
evaluates the actual parameters needed for the call. Parameter handling is to be discussec
in anticipation we shall postulate that the calling routine initiates activation by executing coc

® saves the current stack poingerin a special register known as thark stack pointer vP,
and then

® decrementsP so as to reserve storage for the frame header, before
® dealing with the arrangements for transferring any actual parameters.

When a procedure is called, code is first executed that stores in the first three elements of i
activation record

® adtaticlink - a pointer to the base of the stack frame for the most recently active instar
the procedure within which its source code was nested,;

® adynamic link - a pointer to the base of the stack frame of the calling routine;
® areturn address - the code address to which control must finally return in the calling rot

whereafter th@p register can be reset to value that was previously sawed amd control
transferred to the main body of the procedure code.

This calling sequence can, in principle, be associated with either the caller or the called rou
Since a routine is defined once, but possibly called from many places, it is usual to associa
of the actions with the called routine. When this codgerated, it incorporates (a) the (known
level difference between the static level from which the procedure is to be called and the st
at which it was declared, and (b) the (known) starting address of the executable code. We
emphasize that the static link is only set up at run-time, when cegeciged that follows the
extant static chain from the stack frame ofdhking routine for as many steps as the level
difference between the calling and called routine dictates.

Activating and calling procedures is one part of the story. We also need to make provision 1
accessing variables. To achieve this, the compiler embeds address information into the ger
code. This takes the form of pairs of numbers indicating (a) the (known) level difference bet
the static level from which the variable is being accessed and the static level where it was ¢
and (b) the (known) offset displacement that is to be subtracted from the base pointer of th
run-time stack frame. When this code is later executed, the level difference information is u
traverse the static link chain when variable address computations are required. In sharp co
dynamic link chain is used, as suggested earlier, only to discard a stack frame at procedure



With this idea, and for the same program as before, the stack would take on the appearanc
in Figure 16.5.

Address Purpose Contents

511 +——— +— Original BF, 5F
—|— 518 Terminator 9 frame for main program [ lewvel 1]

EEY  Static Link 511 — | header for Start

EB2 Dwnamic Link 511

S@7  Feturn Address  "3@™ frame for Stact [ lewel 2

EAE  Locall 5

EBE  Localz *

E@4  Static Link 518 —— header for Rewerse
'—|—— EBAZ2 DOwnamic Link 51l

SBz  FReturn Address  Mz2ET frame for Rewverse [lewel 3
— |[—* 581 HNumber EE  +—

E@E  Static Link E1l —|— header for Starct

499 DOuwnamic Link SHE

492 FReturn Address  Tla™ frame for S5tart [lewvel 2]

497  Locall 5

495  Localz v +— BF, MF

495 Static Link EEl —— +— BF-1 header for Reverse
—— 494 [wnamic Link SE1 +— EBEP-Z2

492  Return Address  TzZE™ +— BP-3 frame for Rewverse [lewvel 3]

492 MHumber &5 +— 5P

Figure 16.5 Appearance of run time stack after four procedure calls, using

static links for non-local wariable acocess

16.2.3 Hypothetical machine support for the static link model

We postulate some extensions to the instruction set of the hypothetical stack machine intro
section 4.4 so as to support the execution of programs that have simple procedures. We as
existence of another machine register, the 16/ithat points to the frame header at the base
the activation record of the procedure that is about to be called.

One instruction is redefined, and three more are introduced:

ADR L A Push arun-time address onto the stack, for a variable stored at an oftbén the stack
frame that is. steps down the static link chain that begins at the current base register

MVST Prepare to activate a procedure, saving stack p@mpiamnp, and then reserving
storage for frame header.

CAL L A Call and enter a procedure whose code commences at agldirdsvhich was declared
at a static differencefrom the procedure making the call.

RET Return from procedure, resettiag BP andrcC.

The extensions to the interpreter of section 4.4 show the detailed operational semantics of

Instructions:
case STKMC adr: /1 push run tine address
cpu. sp--; /1 decrenent stack pointer
i f (inbounds(cpu.sp))
{ menicpu.sp] = base(nenicpu. pc]) /1 chain down static |inks
+ men{ cpu. pc + 1]; /1 and then add offset
cpu.pc += 2; } /'l bunmp program count
br eak;
case STKMC nst: /] procedure activation
Cpu. mp = Cpu. sp; /'l set mark stack pointer
cpu.sp -= STKMC header si ze; /1 bunp stack pointer
i nbounds(cpu. sp); /'l check space avail able
br eak;
case STKMC cal: /'l procedure entry
men{ cpu. mp - 1] = base(nen{cpu.pc]); // set up static link
menj cpu.mp - 2] = cpu. bp; /'l save dynanmic |ink
menfcpu.np - 3] = cpu.pc + 2; /1 save return address
cpu. bp = cpu. np; Il reset base pointer
cpu.pc = nenicpu.pc + 1]; /1 junmp to start of procedure
br eak;
case STKMC ret: /] procedure exit
cpu.sp = cpu. bp; /1 discard stack frane



cpu.pc = menfcpu.bp - 3]; /1 get return address
cpu.bp = nenfcpu.bp - 2]; /'l reset base pointer
br eak;

The routines for calling a procedure and computing the run-time address of a variable mak
the small auxiliary routinease:

nt STKMC: : base(int )
/

i

/1l Returns base of I|-th stack frame down the static link chain

{ int current = cpu. bp; /] start from base pointer
while (I > 0) { current = nenfcurrent - 1]; |--; }

return (current);

16.2.4 Code generation for the static link model

The discussion in the last sections will be made clearer if we examine the refinements to th
compiler in more detail.

The routines for parsing the main program and for parsing nested procedures make approf
entries into the symbol table, and then call uBlock to handle the rest of the source code for f
routine.

Cl ang
= (. TABLE entries entry; .)
" PROGRAM'
| dent <ent ry. name> (. entry.idclass = TABLE progs;
Tabl e- >enter (entry); Tabl e->openscope(); .)
WEAK "; "

Bl ock<entry. | evel +1, TABLE_progs, 0>

ProcDecl arati on
= (. TABLE entries entry; .)

" PROCEDURE"
| dent <ent ry. name> (. entry.idclass = TABLE procs;

CGen->storel abel (entry. p.entrypoint);

Tabl e- >enter (entry); Tabl e->openscope(); .)
WEAK ;"

Bl ock<ent ry.level +1, entry.idcl ass, CCGEN_headersize>

We note that:

® The address of the first instruction in any procedure will be stored in the symbol table
ent rypoi nt field of the entry for the procedure name, and retrieved from there whene\
procedure is to be called.

® The parser for 8lock is passed a parameter denoting its static level, a parameter dena
class, and a parameter denoting the offset to be assigned to its first local variable. Off
addresses for variables in the stack frame for a procedure start at 4 (allowing for the s
the frame header), as opposed to 1 (for the main program).

Parsing @lock involves several extensions over what was needed when there was only a si
main program, and can be understood with reference to the attributed production:

Bl ock<int bl kl evel, TABLE_idclasses bl kclass, int initialfranesize>
= (. int franesize = initialfranesize;
CGEN_| abel s entrypoint;
CGen->j unp(entrypoi nt, CGen->undefined); .)
SYNC
{ ( Const Decl arati ons
| VarDecl ar ati ons<franesi ze>
| ProcDecl aration
) SYNC } (. blockclass = bl kcl ass; bl ockl evel = blklevel;
Il global for efficiency
CGen- >backpat ch(entrypoint);



CGen- >openst ackfrane(franesi ze - initialfranesize); .)
ConpoundSt at enment (. switch (bl ockcl ass)
{ case TABLE progs :
CGen- >l eaveprogran(); break;
case TABLE_procs :
CGen- >l eaveprocedure(); break;

}
Tabl e- >cl osescope(); .) .

in which the following points are worthy of comment:

® Since blocks can be nested, the compiler cannot predict, when a procedure cehaeet;
exactly when the code for that procedure willdetned, still less where it will be located ir
memory. To save a great deal of trouble such as might arise from apparent forward
references, we can arrange that the code for each procedure starts with an instructior
may have to branch (over the code for any nested blocks) to the actual code for the pi
body. This initial forward branch is generated by a call to the code generating raugne
and is backpatched when we finally come to generate the code for the procedure bod
little thought we can see that a simple optimization will allow for the elimination of the
forward jump in the common situation where a procedure has no further procedure ne
within it. Of course, calls to procedures within which other procedweasested will
immediately result in the execution of a further branch instruction, but the loss in effici
will usually be very small.

® The call to thepenst ackf r ame routine takes into account the fact that storage will have
allocated for the frame header when a procedure is activated just before it is called.

® The formal parametets kcl ass andbl kl evel are copied into global variables in the par
to cut down on the number of attributes needed for every other production, and thus ir
on parsing efficiency. This rather nasty approach is not needed in Modula-2 and Pasc
hand-crafted parsers, where the various routines of the parser can themselves be nes

® After the CompoundSatement has been parsed, code is generated either to halt the prog
(in the case of a program block), or to effect a procedure return (by calling on
| eavepr ocedur e to emit arRET instruction).

Code for parsing assignments and procedure calls is generated after the LL(1) conflict has
resolved by the call tbesi gnat or :

Assi gnnent O Cal |
= (. TABLE entries entry; .)
Desi gnat or <cl assset (TABLE _vars, TABLE procs), entry>
( /* assignment */ (. if (entry.idclass != TABLE vars) SenError(210); .)
":=" Expression SYNC (. CGen->assign(); .)
| /* procedure call */ (. if (entry.idclass == TABLE_ procs)
{ CGen->mar kst ack();
CGen->cal | (bl ockl evel - entry.level, entry.p.entrypoint);

) }else SenError (210); .)
This makes use of two routinesyr kst ack andcal | that are responsible for generating code f
initiating the activation and calling sequences (for our interpretive system these routines sir
emit themsT andcAL instructions). The routine for processinBesignator is much as before, sa
that it must call upon an extended version ofstherkaddr ess code generation routine to emit t
new form of theADR instruction:

Desi gnat or <cl assset al |l owed, TABLE entries &entry>
= (. TABLE_ al fa nane;
bool found; .)
| dent <name> (. Tabl e->search(name, entry, found);



if (!found) SenError(202);
if (lallowed. menmb(entry.idclass)) Sentrror(206);
if (entry.idclass != TABLE vars) return;
CGen- >st ackaddr ess(bl ockl evel - entry.level,
entry.v.offset); .)
( " (. if (entry.v.scalar) SenError(204); .)
Expr essi on (. /* determ ne size for bounds check */
CGen->st ackconstant (entry. v. si ze);
CGen->subscript(); .)
o
| (. if ('entry.v.scalar) SenError(205); .)
) .
We observe that an improved code generator could be written to make use of a tree repres
for expressions and conditions, similar to the one discussed in section 15.3.2. A detailed Ci
grammar and hand-crafted parsers using this can be found on the source diskette; it suffice
that virtually no changes have to be made to those parts of the grammar that we have discl

this section, other than for those responsible for assignment statements.
16.2.5 Theuse of a" Display”

Another widely used method for handling variable addressing involves the use of a so-calle
display. Since at most one instance of a procedure can be active at one time, only the lates
of each local variable can be accessible. The tedious business of following a static chain fo
variable access at execution time can be eliminated by storing the base pointers for the ma
recently activated stack frames at each level - the addresses we would otherwise have foul
following the static chain - in a small set of dedicated registers. These conceptually form th
elements of an array indexed by static level values. Run-time addressing is then performed
subtracting the predicted stack frame offset from the appropriate entry in this array.

When code for a procedure call is required, the interface takes into account the (known) ab
level at which the called procedure was declared, and also the (known) starting address of
executable code. The code to be executed is, however, rather different from that used by tt
link method. When a procedure is called it still needs to store the dynamic link, and the retL
address (in its frame header). In place of setting up the start of the static link chain, the call
sequence updates the display. This turns out to be very easy, as only one element is involy
can be predicted at compile-time to be the one that corresponds to a static level one higher
at which the name of the called procedure was declared. (RecalRiad dentifier is attributed
with the level of théBlock in which it is declared, and not with the level of Bleck which defines
its local variables and code.)

Similarly, when we leave a procedure, we must not only reset the program counter and bas
we may also need to restore a single element of the display. This is strictly only necessary
have called the procedure from one declared statically at a higher level, but it is simplest to
one element on all returns.

Consequently, when a procedure is called, we arrange for it to store in its frame header:

® adisplay copy - a copy of the current value of the display element for the level one higt
than the level of the called routine. This will allow the display to be reset later if neces:

® adynamic link - a pointer to the base of the stack frame of the calling routine.
® areturn address - the code address to which control must finally return in the calling rot

When a procedure relinquishes control, the base pointer is reset from the dynamic link, the



counter is reset from the return address, and one element of the display is restored from th
copy. The element in question is that for a level one higher than the level at which the nam
called routine was declared, that is, the level at which the block for the routine was compile
this level information must be incorporated in the code generated to handle a procedure ex

Information pertinent to variable addresses is still passed to the code generator by the anal
pairs of numbers, the first giving the (known) level at which the identifier was declared (an ¢
level, not the difference between two levels), and the second giving the (known) offset from
run-time base of the stack frame. This involves only minor changes to the code generation
so far developed.

This should be clarified by tracing the sequence of procedure calls for the same program a
When only the main program is active, the situation is as depicted in Figure 16.6(a).

Stack Displaw
Address Furpose Contents Contents Lewvel
E11 . 7 +—— Lii 1
El@ Terminator 3 B

Figure 16.60a) Stack frames edtant immediately after starting edecution

After st art is activated and called, the situation changes to that depicted in Figure 16.6(b).

Stack Display
Address Furpose Contents Contents Lewvel
E11 . 7 +—— Gil 1
E El@ Terminator El —_— gna B
59 Display Cop 7 7 4
ERg Dunamic Linﬂ 511
SEv7 Feturn Address  3@™ Start Frame
=] Locall N
ERE Localz "

Figure 1&6.&60b) Stack frames extant immediately after first procedure call

After Rever se is called for the first time it changes again to that depicted in Figure 16.6(c).

Stack Dizplaw
Address Purpose Contents Contents Leuel

E11 . T +— G511 1

E Elg  Terminator 3 ——— &lo 2
15 ] Display Cop I o 4
ERg Dynamic LinE 51
547 Return Address "2E™ Start Frame
=15 ) Locall 5
j=isisy Localz b +— +—— EBEF, MF
SR Display Cop o
ERg Dunamic_Lin 516 Rewverse Frame
582 Return Address ™26
Bl Humber =19 +——— 5F

Figure 16.60c)  Stack frames edtant immediately after first call to Rewerse

After the next (recursive) call @ art the changes become rather more significant, as the dis
copy is now relevant for the first time (Figure 16.6(d)).



Stack Dizplaw
Address Purpose Contents Contents Leuel

1
Sl z
SlE 3
o 4
1
W Start Frame

+_J Rewverse Frame
+—— EBEF , MF

Start frame

Terminator

Display CQDE
Dunamic_Lin
Feturn Address
Locall

Localz

Display CQDE
Dunamic_Lin
Feturn Address
Humber

EENICR TR 4y Ly I dy |G WTd p U NN TA W d g RN BN w RN

Displayw CQDE
Dunamic_Lin
Return Address
Locall

Localz

Figure 16.60d)  Stack frames edtant irmediately after second call to Start

Bf o AOMCACA CACACACACA LN
oo OO S CEEEE e
gl [an T B o S T TR RS T e Sl [ Ta LN R v

+—— 5F

After the next (recursive) call Rever se we get the situation in Figure 16.6(e).

Stack Displaw
Address Furpose Contents Contents Lewel

PR Y] 1
Eal 2

— a9 E
? 4

Terminator

Display EQDE
Ounamic Lin
Return Address
Locall

Localz

Start Frame

Display EQDE Rewverse Frame
Dunamic_Lin

Il
El
Il
=)
el
2
el
Il
=)
Return Address "E
=Y
=1
3
7
Il
5
=1
1

Humber

Display CQDE Start frame
Dunamic_Lin

Feturn Address
Locall

Localz

Display CQDE
Dunamic_Lin

Feturn Address
Humber =1 +— 5P

—— —— FBF, I

Rewverse frame

1
fopfads el OO CACAGACACT  CAON
e el Qe im EEEE SEEEE e
[ LIUE STy B Sl [ D o B! (X NI Ty [ ot [ DY B o

Figure 16.60e) Stack frames edtant immediately after second call to Rewverse

When the recursion unwindggver se relinquishes control, the stack frametas- 492 is
discarded, andi spl ay[ 3] is reset t&05. WhenRever se relinquishes control yet again, the fra
in 504- 501 is discarded and there is actually no need to &ltgs ay[ 3], as it is no longer neede
Similarly, after leavinggt art and discarding the frame $09- 505 there is no need to alter

Di spl ay[ 2] . However, it is easiest simply to reset the display every time control returns fror
procedure.

16.2.6 Hypothetical machine support for the display model

Besides the mark stack regist® our machine is assumed to have a set of display registers,
we can model in an interpreter as a small aktaypl ay. Conceptually this is indexed from 1,
which calls for care in a3 implementation where arrays are indexed from O.M3tanstruction
provides support for procedure activation as before, butiRecAL andRET instructions are subt
different:

ADR L A Push arun-time address onto the stack for a variable that was declared at static level
L and predicted to be stored at an offsgbm the base of a stack frame.

CAL L A Calland enter a procedure whédecldentifier was declared at static leugland
whose code commences at address

RET L Return from a procedure whoBlck was compiled at level

The extensions to the interpreter of section 4.4 show the detailed operational semantics of
instructions:



case STKMC adr: /1 push run tine address
cpu. sp--; /1 decrenent stack pointer
if (inbounds(cpu.sp))
{ menfcpu.sp] = display[nmenfcpu.pc] - 1] /1 extract display el ement
+ meni cpu. pc + 1]; /1 and then add of f set
cpu.pc += 2; } /'l bunmp program count
br eak;
case STKMC cal: /] procedure entry
meni cpu. np - 1] = di spl ay[ meni cpu. pc]]; /'l save display el enent
menj cpu. mp - 2] = cpu. bp; /'l save dynanmic |ink
menfcpu.np - 3] = cpu.pc + 2; /1 save return address
di spl ay[ men{ cpu. pc]] = cpu. np; /1 update display
cpu. bp = cpu. np; /'l reset base pointer
cpu.pc = nenfcpu.pc + 1]; /1 enter procedure
br eak;
case STKMC ret: /] procedure exit
di spl ay[menf cpu.pc] - 1] = nmenfcpu.bp - 1]; // restore display
cpu.sp = cpu. bp; /'l discard stack frane
cpu.pc = nenfcpu.bp - 3]; /1 get return address
cpu.bp = nenfcpu.bp - 2]; /'l reset base pointer
br eak;

16.2.7 Code generation for the display model

The attributed productions in a Cocol description of our compiler are very similar to those u
static link model. The production f@&tock takes into account the new form of & instruction,
and also checks that the limit on the depth of nesting imposed by aifisgteay will not be
exceeded:

Bl ock<int bl klevel, TABLE_idclasses blkclass, int initialfranmesize>
= (. int franesize = initialfranesize;
CGEN_| abel s entrypoint;

CGen->j unp(entrypoi nt, CGen->undefi ned);

if (blklevel > CGEN_|evnmax) SentError(213); .)
SYNC
{ ( Const Decl ar ati ons
| Var Decl arati ons<franesi ze>
| ProcDecl aration
) SYNC } (. blockclass = bl kcl ass; bl ockl evel = blklevel;
CGen- >backpat ch(entrypoint);
CGen- >openst ackf rame(franesi ze
- initialfranesize); .)
ConpoundsSt at enent (. switch (bl ockcl ass)

{ case TABLE progs :
CGen- >| eavepr ogran();

case TABLE_procs :
CGen- >| eavepr ocedur e( bl ockl evel );

br eak;
br eak;

}
Tabl e- >cl osescope(); .)

The productions foAssignmentOrCall and forDesignator require trivial alteration to allow for th
fact that the code generator is passed absolute static levels, and not level differences:

Assi gnnent O Cal |
= (. TABLE entries entry; .)
Desi gnat or <cl assset (TABLE vars, TABLE procs), entry>
( /* assignnent */ (. if (entry.idclass != TABLE vars) SenError(210); .)
":=" Expression SYNC (. CGen->assign(); .)
| /* procedure call */ (. if (entry.idclass
{ CGen->mar kst ack();
CGen->cal | (entry. | evel,

TABLE_procs)
entry. p.entrypoint);

c}el se SenError(210); .)
)

Desi gnhat or <cl assset al |l owed, TABLE entries &entry>
= (. TABLE_ al fa nane;

bool found; .)
| dent <name> (. Tabl e->search(name, entry, found);
if (!found) SenError(202);
if (lallowed. menb(entry.idclass)) Sentrror(206);
if (entry.idclass != TABLE vars) return;
CGen- >st ackaddress(entry.level, entry.v.offset); .)
( (. if (entry.v.scalar) SenError(204); .)
Expr essi on (. /* determne size for bounds check */

CGen- >st ackconstant (entry. v. si ze);
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It may be of interest to show the code generated for the program given earlier. The correct
source

PROGRAM Debug;

(.

VAR Ter m nat or;

PROCEDURE Start ;

VAR Local 1,

CGen->subscript(); .)

if (lentry.v.scalar) SenError(205); .)

Local 2;

PROCEDURE Rever se;
VAR Nunber ;
BEG N

READ( Nunber) ;

I F Term nator <> Nunber THEN Start;

WRI TE( Nunber)

END;

BEG N

Rever se

END;
BEG N

Ter m nat or

Start
END.

=9

produces the following stack machine code, where for comparison we have shown both mc

Static link
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BRN
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ADR
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ADR
VAL
ADR
VAL
NEQ
BZE
VBT
CAL
ADR
VAL
PRN
NLN
RET
DSP
VST
CAL
RET
DSP
ADR
LT
STO
VBT
CAL
HLT
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9
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14
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Di spl ay

BRN
BRN
DSP
ADR
I NN
ADR
VAL
ADR
VAL
NEQ
BZE
VBT
CAL
ADR
VAL
PRN
NLN
RET
DSP
VST
CAL
RET
DSP
ADR
LIT
STO
VST
CAL
HLT

41
33

-4
-1

-4

25
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junmp to start of nmin program

jump to start of Start

start of code for Reverse (declared at |evel 3)
address of Number (declared at |evel 3)

read (Nunber)

address of Terminator is two | evels down
dereference - value of Termi nator on stack
address of Nunber is on this |evel

dereference - value of Number now on stack
conpare for inequality

prepare to activate Start
recursive call to Start
address of Nunber

wri t e( Nurber)

exit Reverse

start of code for Start (declared at |evel 2)
prepare to activate Reverse

call on Reverse, which is declared at this |evel
exit Start

start of code for main program (level now 1)
address of Term nator on stack

push constant 9 onto stack

Term nator := 9

prepare to activate Start

call Start, which is declared at this |evel
stop execution

16.2.8 Relative merits of the static link and display models

The display method is potentially more efficient at run-time than the static link method. In s
real machines special purpose fast CPU registers may be used to store the display, leading
greater efficiency. It suffers from the drawback that it seems necessary to place an arbitran
the depth to which procedures may be statically nested. The limit on the size of the display
same as the maximum static depth of nesting allowed by the compiler at compile-time. Mur
Law will ensure that this depth will be inadequate for the program you were going to write t
ensure you a niche in the Halls of Fame! Ingenious methods can be found to overcome the



problems, but we leave investigation of these to the exercises that follow.

Exercises

16.9 Since Topsy allows only a non-nested program structure for routines like that found in
C++, its run-time support system need not be nearly as complex as the one described in thi
although use will still need to be made of the stack frame concept. Discuss the implementa
void functions in Topsy in some detail, paying particular attention to the information that wo
needed in the frame header of each routine, and extend your Topsy compiler and the hypo
machine interpreter to allow you to handle multi-function programs.

16.10 Follow up the suggestion that the display does not have to be restored after every re
a procedure. When should the compiler generate code to handle this operation, and what fi
should the code take? Are the savings worth worrying about? (The Pascal-S system takes
approach (Wirth, 1981; Rees and Robson, 1987).)

16.11 If you use the display method, is there any real need to use the baserregsteell?

16.12 If one studies block-structured programs, one finds that many of the references to va
a block are either to the local variables of that block, or to the global variables of the main
block. Study the source code for the Modula-2 and Pascal implementation of the hand-craft
parsers and satisfy yourself of the truth of this. If this is indeed so, perhaps special forms ol
addressing should be used for these variables, so as to avoid the inefficient use of the stati
search or display reference at run-time. Explore this idea for the simple compiler-interprete!
we are developing.

16.13 In our emulated machine the computation of every run-time address by invoking a fu
call to traverse the static link chain might prove to be excessively slow if the idea were exte
a native- code generator. Since references to "intermediate" variables are likely to be less f
than references to "local” or "global” variables, some compilers (for example, Turbo Pascal
generate code that unrolls the loop implicit intihee function for such accesses - that is, they
generate an explicit sequenceNbassignments, rather than a loop that is perforshédhes -
thereby sacrificing a marginal amount of space to obtain speed. Explore the implications ar
implementation of this idea.

16.14 One possible approach to the problem of running out of display elements is to store ¢
display as will be needed in the frame header for the procedure itself. Explore the impleme
of this idea, and comment on its advantages and disadvantages.

16.15 Are there any dangers lurking behind the peephole optimization suggested earlier foi
eliminating redundant branch instructions? Consider carefully the code that needs to be ge
foranlF ... THEN ... ELSE statement.

16.16 Can you think of a way of avoiding the unconditional branch instructions with which r
every enveloping procedure starts, without using all the machinery of a separate forward re
table?

16.17 Single-pass compilers have difficulty in handling some combinations of mutually rect
procedures. It is not always possible to nest such procedures in such a way that they are a



"declared" before they are "invoked" in the source code - indeediit G not possible to nest
procedures (functions) at all. The solution usually adopted is to suppdortved declaration of
procedures. In Pascal, and in some Modula-2 compilers this is done by substituting the key
FORWARD for the body of the procedure when it is first declared.+n tGe same effect is achieve
through the use diunction prototypes.

Extend the Clang and Topsy compilers as so far developed so as to allow mutually recursiy
routines to be declared and elaborated properly. Bear in mind that all procedures derlsyrl
must later be defined in full, and at the same level as that where the forward declaration wa
originally made.

16.18 The poor oldoro statement is not only hated by protagonists of structured programmi
is also surprisingly awkward to compile. If you wish to add it to Clang, why should you prev
users from jumping into procedure or function blocks, and if you let them jump out of them,
special action must be taken to maintain the integrity of the stack frame structures?

Further reading

Most texts on compiling block-structured languages give a treatment of the material discus:
but this will make more sense after the reader has studied the next chapter.

The problems with handling tl@To statement are discussed in the books by Aho, Sethi and
Ullman (1986) and Fischer and LeBlanc (1988, 1991).
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17 PARAMETERSAND FUNCTIONS

It is the aim of this chapter to show how we can extend our language and its compiler to all
value-returning functions in addition to regular procedures, and to support the use of paramr
Once again, the syntactic and semantic extensions we shall make are kept as simple as pc
should be familiar to the reader from a study of other imperative languages.

17.1 Syntax and semantics

The subject of parameter passing is fairly extensive, as the reader may have realized. In th
development of programming languages several models of parameter passing have been
and the ones actually implemented vary semantically from language to language, while
syntactically often appearing deceptively similar. In most cases, declaration of a subprogral
segment is accompanied by the declaration of a ligirofial parameters, which appear to have
status within the subprogram rather like that of local variables. Invocation of the subprograr
accompanied by a corresponding lisacfual parameters (sometimes calledrguments), and it is
invariably the case that the relationship between formal and actual parameters is achieved
positional correspondence, rather than by lexical correspondence in the source text. Thus i
be quite legal, if a little confusing to another reader, to declare

PROCEDURE AnyNanme ( A, B)
and then to invoke it with a statement of the form
AnyNarme ( B, A)

when thea in the procedure would be associated with&lrethe calling routine, and tteein the
procedure would be associated with #ha the calling routine. It may be the lack of name
correspondence that is at the root of a great deal of confusion in parameter handling amon
beginners.

The correspondence of formal and actual parameters goes deeper than mere position in a
list. Of the various ways in which it might be established, the two most widely used and fan
parameter passing mechanisms are those knowatlasy-r efer ence andcall-by-value. In
developing the case studies in this text we have, of course, made frequent use of both of r
we turn now to a discussion of how they are implemented.

The semantics and the implementation of the two mechanisms are quite different:

® In call-by-reference an actual parameter usually takes the forasfableDesignator.

Within the subprogram, a reference to the formal parameter results, at run-time, inac
reference to the variable designated by the actual parameter, and any change to that
parameter results in an immediate change to the corresponding actual parameter. In ¢
real sense, a formal parameter name may be regardedléasdar the actual parameter
name. The alias lasts as long as the procedure is active, and may be transmitted to ot
subprograms with parameters passed in the same way. Call-by-reference is usually
accomplished by passing the address associated with the actual parameter to the suk
for processing.



® [n call-by-value, an actual parameter takes the form @&xanession. Formal parameters in
subprogram (when declared in this way) are effectively variables local to that subprog
which start their lives initialized to the values of the corresponding actual parameter
expressions. However, any changes made to the values of the formal parameter varie
confined to the subprogram, and cannot be transmitted back via the formal parameter
calling routine. Fairly obviously, it is the run-time value of the expression which is hani
over to the subprogram for processing, rather than an explicit address of a variable.

Call-by-value is preferred for many applications - for example it is useful to be able to pass
expressions to procedures |i® TE without having to store their values in otherwise redunda
variables. However, if an array is passed by value, a complete copy of the array must be ps
the subprogram. This is expensive, both in terms of space and time, and thus many progra
pass all array parameters by reference, even if there is no need for the contents of the arra
modified. In G+, arrays maynly be passed as reference parameters, althouglp&mits the us
of the qualifierconst to prevent an array from being modified in a subprogram. Some languz
permit call-by-reference to take place with actual parameters that are expressions in the ge
sense; in this case the value of the expression is stored in a temporary variable, and the ac
that variable is passed to the subprogram.

In what follows we shall partially illustrate both methods, using syntax suggested by C. Sim
scalar parameters will be passed by value, and array parameters will be passed by referen
way that almost models tlopen array mechanism in Modula-2.

We describe the introduction of function and parameter declarations to our language more
by the following EBNF. The productions are highly non-LL(1), and it should not take much
imagination to appreciate that there is now a large amount of context-sensitive information
practical parser will need to handle (through the usual device of the symbol table). Our proc
attempt to depict where such context-sensitivity occurs.

ProcDecl arati on = ( "PROCEDURE" Procldentifier | "FUNCTION' Funcldentifier )
[ Formal Paraneters ] ";"
Bl ock A

For mal Par anet er s = "(" OneFormal { "," OneFormal } ")"

OneFor mal = Scal ar Formal | ArrayFormal .

Scal ar For mal = Parldentifier .

ArrayFor mal = Parldentifier "[" "]"

We extend the syntax fé&rocedureCall to allow procedures to be invoked with parameters:

ProcedureCal | = Procldentifier Actual Paraneters .

Act ual Par aneters = [ "(" OneActual { "," OneActual } ")" ] .
OneAct ual =  Val ueParaneter | ReferenceParaneter .

Val uePar anet er = Expression .

Ref erenceParaneter = Variable .

We also extend the definition Bhctor to allow function references to be included in expressic
with the appropriate precedence:

Fact or = Variable | Constldentifier | nunber
| "(" Expression ")"
| Funcldentifier Actual Paraneters .

and we introduce thReturnStatement in an obvious way:
Ret ur nSt at enent = "RETURN' [ Expression ] .

where theExpression is only needed within functions, which will be limited (as in traditional C
Pascal) to returning scalar values only. Within a regular procedure the effdRétafsBtatement



is simply to transfer control to the calling routine immediately; within a main program a
ReturnSatement simply terminates execution.

A simple example of a Clang program that illustrates these extensions is as follows:

PROGRAM Debug;

FUNCTI ON Last (List[], Limt);
BEG N
RETURN List[Limt];
END;

PROCEDURE Anal yze (Data[], N);
VAR
Local Dat a[ 2] ;
BEG N
WRI TE( Last (Data, N+2), Last(Local Data, 1));
END;

VAR
d obal Dat a[ 3] ;

BEG N
Anal yze(d obal Data, 1);
END.

Thewrl TE statement in procedureal yze would print out the value @l obal Dat a[ 3] followed
by the value ofocal Dat a[ 1] . G obal Dat a iS passed t@nal yze, which refers to it under the ali
of Dat a, and then passes it onltast , which, in turn, refers to it under the aliag ot .

17.2 Symbol table support for context-sensitive features

It is possible to write a simple context-free set of productionsithsatisfy the LL(1) constraints
and a Coco/R generated system will require this to be done. We have remarked earlier tha
possible to specify the requirement that the number of formal and actual parameters must 1
this will have to be done by context conditions. So too will the requirement that each actual
parameter is passed in a way compatible with the corresponding formal parameter - for exe
where a formal parameter is an open array we must not be allowed to pass a scalar variabl
identifier or an expression as the actual parameter. As usual, a compiler must rely on inforr
stored in the symbol table to check these conditions, and we may indicate the support that
provided by considering the shell of a simple program:

PROGRAM Mai n;

VAR GL; (* global *)
PROCEDURE One (P1, P2); (* two fornal scalar paraneters *)
BEG N (* body of One *)
END;
PROCEDURE Two; (* no formal paraneters *)
BEG N (* body of Two *)
END;
PROCEDURE Three (P1[]); (* one fornal open array paraneter *)
VAR L1, LZ2; (* local to Three *)
BEG N (* body of Three *)
END;
BEG N (* body of Main *)
END.

At the instant where the body of proceduneee is being parsed our symbol table might have .
structure like that in Figure 17.1.
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Figure 17.1 A symbal table structyre with links from procedure entries to
formal parameter entries

Although all three of the procedure identifiere, Two andThr ee are in scope, procedurese
andTwo will already have been compiled in a one-pass system. So as to retain information ¢
their formal parameters, internal links are set up from the symbol table nodes for the procet
identifiers to the nodes set up for these parameters. To provide this support it is convenient
extend the definition of theABLE_ent ri es structure:

enum TABLE_ i dcl asses
{ TABLE_consts, TABLE vars, TABLE_progs, TABLE_procs, TABLE_funcs };

struct TABLE nodes;
typedef TABLE nodes *TABLE_ i ndex;

struct TABLE entries {

TABLE_al f a nane; /1l identifier
int level; Il static |level
TABLE_i dcl asses i dcl ass; /1l class
uni on {
struct {
int val ue;
} ¢ /'l constants
struct {
int size, offset;
bool ref, scalar;
}ov; /] variabl es
struct {
int params, paransize;
TABLE i ndex firstparam
CGEN_| abel s entrypoint;

} P /'l procedures, functions
H

Source for an implementation of thasLE class can be found in Appendix B, and it may be he
to draw attention to the following features:

® Formal parameters are treated within Bhaeck of a function or procedure in most cases a
though they were variables. So it will be convenient to enter them into the symbol tabl
such. However, it now becomes necessary to tag the entry for each variable with the ¢
field ref . This denotes whether the identifier denotes a true variable, or is merely an a
a variable that has been passed to a procedure by reference. Global and local variabl
scalar formals will all have this field defined toflze se.

® Passing an array to a subprogranrdfgrence is not simply a matter of passing the addre:
the first element, even though the subprogram appears to handle open arrays. We sh
need to supply the length of the array (unless we are content to omit array bound che:
This suggests that the value of thee field for an array formal parameter can always be
We observe that passing open arraysdye, as is possible in Modula-2, is likely to be
considerably more complicated.



® Formal parameter names, like local variable names, will be entered at a higher level ti
procedure or function name, so as to reserve them local status.

® For procedures and functions e ans field is used to record the number of formal
parameters, and thér st par amfield is used to point to the linked queue of entries for th
identifiers that denote the formal parameters. Details of the formal parameters, when |
for context-sensitive checks, can be extracted by further member functiong asitEeclass
As it happens, for our simplified system we need only to know whether an actual para
must be passed by value or by reference, so a simple Boolean furetopar amis all that
is required.

® When a subprogram identifier is first encountered, the compiler will not immediately ki
how many formal parameters will be associated with it. The table handler must make
provision for backpatching an entry, and so we need a revised interfaceitodheoutine,
as well as anpdat e routine:

class TABLE {
public:
void enter (TABLE entries &entry, TABLE index &position);
/1 Adds entry to synbol table, and returns its position

voi d updat e( TABLE entries &entry, TABLE_index position);
/1 Updates entry at known position

bool isrefparan{TABLE entries &procentry, int n);
/'l Returns true if nth paraneter for procentry is passed by reference

/] rest as before

}s

The way in which the declaration of functions and parameters is accomplished may now be
understood with reference to the following extract from a Cocol specification:

ProcDecl arati on
= TABLE entries entry; TABLE_index index; .)
entry.idclass = TABLE procs; .)
entry.idclass = TABLE funcs; .)
entry.p.parans = 0; entry.p.paransi ze = 0;
entry.p.firstparam = NULL;

CGen->storel abel (entry. p.entrypoint);

Tabl e- >enter (entry, index);

Tabl e- >openscope(); .)

( " PROCEDURE"
| " FUNCTI ON"
) ldent<entry. name>

For nal Par anet er s<entry> (. Tabl e->update(entry, index); .)
] WEAK ";"
Bl ock<entry.level +1, entry.idclass, entry.p.paransize + CGEN_header si ze>

For mal Par amet er s<TABLE entri es &proc>
= (. TABLE_ index p; .)
"(" OneFornal <proc, proc.p.firstparaner
{ WEAK ", " OneFormal <proc, p>1} ")" .

OneFor mal <TABLE_entries &proc, TABLE_index & ndex>
= . TABLE entries formal;
formal .idclass = TABLE vars; fornal.v.ref = fal se;
formal.v.size = 1; formal.v.scalar = true;
formal.v.of fset = proc. p. paransi ze
+ CCGEN_headersize + 1; .)
| dent <f or nal . nane>

[ "[ ] (. formal.v.size = 2; formal.v.scalar = fal se;
formal.v.ref = true; .
] (. Table->enter(formal, index);

proc. p. paransi ze += formal . v. si ze;

proc. p. parans++; .) .
Address offsets have to be associated with formal parameters, as with other variables. The
allocated as the parameters are declared. This topic is considered in more detail in the nex
for the moment notice that parameter offsets stanteEN_Header Si ze + 1.



17.3 Actual parametersand stack frames

There are several ways in which actual parameter values may be transmitted to a subprogr
Typically they are pushed onto a stack as part of the activation sequence that is executed t
transferring control to the procedure or function which is to use them. Similarly, to allow a ft
value to be returned, it is convenient to reserve a stack item for this just before the actual
parameters are set up, and for the function subprogram to access this reserved location us
suitable offset. The actual parameters might be saitedthe frame header - that is, within the
activation record - or they might be stotasfiore the frame header. We shall discuss this latter
possibility no further here, but leave the details as an exercise for the curious reader (see T
(1986) or Brinch Hansen (1985)).

If the actual parameters are to be stored within the activation record, the corresponding fori
parameter offsets are easily determined by the procedures specified by the Cocol grammai
earlier. These also keep track of the total space that will be needed for all parameters, and
offset reached is then passed on to the pars& dok, which can continue to assign offsets for
local variables beyond this.

To handle function returns it is simplest to have a slightly larger frame header than before. '
reserve the first location in a stack frame (that is, at an invariant offset of 1 from the base pu
BP) for a function’s return value, thereby making code generation fdretiuenSatement
straightforward. This location is strictly not needed for regular procedures, but it makes for «
code generation to keep all frame headers a constant size. We also need to reserve an ele
saving the old mark stack pointer at procedure activation so that it can be restored once a |
has been completed. We also need to reserve an element for saving the old mark stack po
procedure activation so that it can be restored once a procedure has been completed.

If we use the display model, the arrangement of the stack after a procedure has been activi
called will typically be as shown in Figure 17.2. The frame header and actual parameters al
by the activation sequence, and storage for the local variables is reserved immediately afte
procedure obtains control.

+——————— Frame Headeyr —mM8M8M8M8M8M8M8M8M8m™+

Mok Local Hotual Hark Return Ounamic Displaw Return
Space Lariables Farams Copy Address Link Copy Ualue

1 BF-5  EF—4 BF-3 BF-2 BP-1 1
5P BF

Figure 17.2 Stack frame immediately after a procedure has been called

This may be made clearer by considering some examples. Figure 17.3 shows the layout in
for the array processing program given in section 17.1, at the instant where fuastidras just
started execution.
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Figure 17.2 Arrangement of stack frames after calling & procedure
followed by 3 function

Note that there are three values in the parameter area of the stack frana¢ foe. The first two
are the actual address of the first element of the array bound to the formal parametend the
actual size to be associated with this formal parameter. The third is the initial value assigne
formal parametex. WhenaAnal yze activates functionast it stacks the actual address of the ar
that was bound tobat a, as well as the actual size of this array, so as to akew to bind its
formal parameteri st to the formal paramet@at a, and hence, ultimately, to the same array (
is, to the global arra@ obal Dat a).

The second example shows a traditional, if hackneyed, approach to computing factorials:

PROGRAM Debug;

FUNCTI ON Factorial (M;
BEG N
IF M<= 1 THEN RETURN 1,
RETURN M * Factorial (M1);
END;

VAR N,

BEG N
READ(N) ;
WH LE N

BEG N

END.

> 0 DO
WRI TE( Factorial (N)); READ(N) END;

If this program were to be supplied with a data value ef 3, then the arrangement of stack
frames would be as depicted in Figure 17.4 immediately after the function has been called"
second time.

Stack Oi t
Address Furpose Contents Cnntents e |

511 . ¥ +——— G511 1

— El@ Uariable H 2 Elz2 2
=15l Eeturn Walue ¥ i
=15 ] Display CDDE N frame for Factorial (lewel 21
=150 Dunamic Lin El1
=15 Eeturn Address EY
=151 Mark pointer Copyw !
Eing Farameter M 3
=15 ] Address for product EB9 wiork sﬁace for Factorial
iz Multiplicand H i +——+— EF ,
Ea1 Beturn Ualue !
SilE Displaw CDDE Eln .

— 4949 Ounamic Lin Eil frame for Factorial (lewvel 21
492 Beturn Address 28
495 Marck pointer Copw Eln@
497 Farameter M 2 4+ 5F

Figure 17.4 Arrangement of stack frames after making a recursive call to
the Factorial function



Fact ori al can pick up its parametsrby using an offset af from BP, and can assign the value
be returned to the stack element whose offsetiem BP. (In practice the addressing might be
done viaDi spl ay[ 2], rather than viapP).

Note that this way of returning function values is entirely consistent with the use of the stac
expression evaluation. In practice, however, many compilers return the value of a scalar ful
a machine register.

17.4 Hypothetical stack machine support for parameter passing

Little has to be added to our stack machine to support parameter passing and function han
Leaving aBlock is slightly different: after completing a regular procedure we can cut the stac
so as to throw away the entire stack frame, but after completing a function procedure we m
the return value on the top of stack so that it will be available for incorporation into the expr
from which the call was instigated. This means thasti@rC r et instruction requires a second
operand. It also turns out to be useful to introdusekarc _nf n instruction that can be generatec
the end of each function block to detect those situations where the flow of control through &
function never reachesReturnSatement (this is very hard to detect at compile-time). Taking i
account the increased size of the frame header, the operational semantics of the affected il
become:

case STKMC cal : /] procedure entry
menj cpu. mp - 2] = display[ nmenicpu.pcl]; /1 save display el enent
menf cpu.mp - 3] = cpu. bp; /'l save dynanmic |ink
menj cpu.mp - 4] = cpu.pc + 2; /] save return address
di spl ay[ meni cpu. pc]] = cpu. np; /1 update display
cpu. bp = cpu. np; /'l reset base pointer
cpu.pc = nenfcpu.pc + 1]; /] enter procedure
br eak;

case STKMC ret: /'l procedure exit
di splay[nmenfcpu.pc] - 1] = nmenfcpu.bp - 2]; // restore display
cpu.nmp = nenicpu.bp - 5]; /1 restore mark pointer
cpu.sp = cpu.bp - menfcpu.pc + 1]; /1 discard stack frane
cpu.pc = menjcpu. bp - 4]; /1 get return address
cpu. bp = nenfcpu.bp - 3]; /'l reset base pointer
br eak;

case STKMC st :
if (inbounds(cpu.sp-STKMC headersi ze)) /'l check space avail able
{ menicpu.sp-5] = cpu.np; /1 save mark pointer

Cpu. np = cpu. sp; /1 set mark stack pointer
cpu.sp -= STKMC header si ze; /'l bunmp stack pointer

br eak;

case STKMC_nfn: /1 bad function (no return)
ps = badfun; break; /'l change status from running

17.5 Context sensitivity and LL (1) conflict resolution

We have already remarked that our language now contains several features that are
context-sensitive, and several that make an LL(1) description difficult. These are worth
summarizing:

St at enment
Assi gnnent
Pr ocedur eCal |

Assi gnment | ProcedureCall |
Variable ":=" Expression .
Procldentifier Actual Paraneters .



Both Assignment andProcedureCall start with andentifier. Parameters cause similar difficulties

Act ual Par aneters = [ "(" OneActual { "," OneActual } ")" ] .
OneAct ual = ValueParaneter | ReferenceParaneter .
Val uePar anet er = Expression .

Ref erenceParaneter = Variable .

OneActual is non-LL(1), a€xpression might start with amdentifier, andVariable certainly does.
An Expression ultimately contains at least of@ctor:

Fact or = Variable | Constldentifier | nunber
| "(" Expression ")"
| Funcldentifier Actual Paraneters .

and three alternatives Factor start with an identifier. A/ariable is problematic:
Vari abl e = Varldentifier [ "[" Expression "]" ] .

In the context of &eferenceParameter the optional index expression is not allowed, but in the
context of all otheFactors it must be present. Finally, even tReturnSatement becomes
context-sensitive:

Ret ur nSt at enent = "RETURN' [ Expression ] .

In the context of a functioBlock the Expression must be present, while in the context of a regt
procedure or main prograBlock it must be absent.

17.6 Semantic analysis and code gener ation

We now turn to a consideration of how the context-sensitive issues can be handled by our |
and code generated for programs that include parameter passing and value returning funct
convenient to consider hand-crafted and automatically generated compilers separately.

17.6.1 Semantic analysis and code gener ation in a hand-crafted compiler

As it happens, each of the LL(1) conflicts and context-sensitive constraints is easily handle:
one writes a hand-crafted parser. Each time an identifier is recognized it is immediately che
against the symbol table, after which the appropriate path to follow becomes clear. We con
hypothetical stack machine interface once more, and in terms of simplified on-the-fly code
generation, making the assumption that the source will be free of syntactic errors. Full sour
is, of course, available on the source diskette.

Drawing a distinction between assignments and procedure calls has already been discusse
section 16.1.5, and is handled from within the parseB&tement. The parser foProcedureCall is
passed the symbol table entry apposite to the procedure being called, and makes use of th
calling on the parser to handle that part of the activation sequence that causes the actual p
to be stacked before the call is made:

voi d PARSER: : ProcedureCal | (TABLE entries entry)

/'l ProcedureCall = Procldentifier Actual Paraneters .

{ Getsyn(); ) )
CGen- >mar kst ack() ; /1 code for activation
Act ual Paraneters(entry); /1l code to eval uate argunents
CGen->cal |l (entry.level, entry.p.entrypoint); /1 code to transfer control

}
A similar extension is needed to the routine that parsestar:



voi d PARSER: : Fact or (voi d)
/1 Factor = Variable | Constldentifier | Funcldentifier Actual Paraneters ..
/1 Variable = Designator .
{ TABLE_ entries entry;
switch (SYMsym

{ case SCAN identifier: /'l several cases arise...
Tabl e- >sear ch( SYM nane, entry); /1 look it up
switch (entry.idcl ass) /'l resolve LL(1) conflict
{ case TABLE_ consts:
Get Syn() ;
CGen->st ackconstant (entry. c. val ue); /1 code to | oad named constant
br eak;
case TABLE_ funcs:
Get Sym(); o
CGen- >mar kst ack() ; /1 code for activation
Act ual Par anmeters(entry); /1 code to evaluate argunents
CGen->cal |l (entry. |l evel,
entry. p.entrypoint); /'l code to transfer control
br eak;
case TABLE vars:
Desi gnator (entry); /1 code to | oad address
CGen- >der ef erence(); break; /1 code to |oad val ue
br eak;
/1 ... other cases

}
}

The parsers that handietual Parameters andOneActual are straightforward, and make use of
extended features in the symbol table handler to distinguish between reference and value
parameters:

voi d PARSER: : Act ual Par anet er s( TABLE entries procentry)

/1 Actual Paraneters = [ "(" OneActual { "," OneActual } ")" ]
{ int actual = O;
if (SYMsym == SCAN | paren) /'l check for any argunents

{ GetSym(); OneActual (procentry, actual);
whil e (SYM sym == SCAN_conmm)
{ GetSym(); OneActual (followers, procentry, actual); }
accept (SCAN_r paren) ;

if (actual != procentry.p. parans)
Report->error(209); /1l wrong nunmber of arguments
}
voi d PARSER: : OneActual (TABLE entries procentry, int &actual)
/1 OneActual = Arrayldentifier | Expression . (depends on context)
{ actual ++; /'l one nore argunent
if (Tabl e->isrefparanmprocentry, actual)) /'l check synbol table
Ref er encePar aneter () ;
el se

Expression();

The several situations where it is necessary to generate code that will push the run-time ad
variable or parameter onto the stack all depend ultimately an #e@addr ess routine in the cod:
generator interface. This has to be more complex than before, because in the situations wr
variable is really an alias for a parameter that has been passed by reference, the offset rec
the symbol table is really the offset where one will find yet another address. To push the trL
address onto the stack requires that we load the address of the offset, and then dereferenc
find the address that we really want. Hence the code generation interface takes the form

stackaddress(int level, int offset, bool byref);

which, for our stack machine will emitL®A | evel of f set instruction, followed by &AL
instruction ifbyr ef istrue. This has an immediate effect on the parser fdesagnator, which
now becomes:

voi d PARSER: : Desi gnhat or (TABLE entries entry)
/'l Designator = Varldentifier [ "[" Expression "]1" ] .
{ CGen->stackaddress(entry.level, entry.v.offset, entry.v.ref); // base address

Get Syn() ;



if (SYMsym == SCAN | bracket) /1 array reference
{ GetSyn();

Expression(); /1 code to eval uate index

if (entry.v.ref) /'l get size from hidden paraneter
CGen- >st ackaddress(entry. |l evel, entry.v.offset + 1, entry.v.ref);

el se /1 size known from synbol table

CGen->st ackconstant (entry. v. si ze);
CGen->subscript();
accept (SCAN_r br acket ) ;
y }

The first call tost ackaddr ess is responsible for generating code to push the address of a sci
variable onto the stack, or the address of the first element of an array. If this array has beet
by reference it is necessary to dereference that address to find the true address of the first
of the array, and to determine the true size of the array by retrieving the next (hidden) actu
parameter. Another situation in which we wish to push such addresses onto the stack arise
we wish to pass a formal array parameter on to another routine as an actual parameter. In-
we have to push not only the address of the base of the array, but also a second hidden ar:
that specifies its size. This is handled by the parser that deals ReterenceParameter :

voi d PARSER: : Ref er encePar anet er (voi d)

/1 ReferenceParaneter = Arrayldentifier . (unsubscripted)
{ TABLE entries entry;
Tabl e- >sear ch( SYM nane, entry); /1 assert : SYMsym= identifier

CGen- >st ackaddress(entry.level, entry.v.offset, entry.v.ref); [/ base
/'l pass size as next paraneter

if (entry.v.ref) /1 get size fromformal paraneter
CGen- >st ackaddress(entry.level, entry.v.offset + 1, entry.v.ref);

el se /1 size known from synbol table
CGen- >st ackconstant (entry. v. si ze);

Get Sym() ; /'l should be comma or rparen

}

The variations on thReturnSatement are easily checked, since we have already made provis
for eachBlock to be aware of its category. Within a functioReturnStatement is really an
assignment statement, with a destination whose address is always at an offset of 1 from thi
the stack frame.

voi d PARSER: : Ret ur nSt at enent (voi d)
/] ReturnStatenent = "RETURN' [ Expression ]
{ Getsyn();
swi tch (bl ockcl ass)
{ case TABLE funcs:
CGen- >st ackaddr ess(bl ockl evel , 1, false); [/
Expression(fol l owers); CGen->assign(); /
CGen- >| eavefuncti on(bl ockl evel ); break; /
case TABLE_procs:

accept RETURN
semanti cs depend on cont ext

~—
~—

address of return val ue
code to conpute and assign
code to exit function

~—

CGen- >| eavepr ocedur e( bl ockl evel ); break; /1 direct exit from procedure
case TABLE progs:
CGen- >l eaveprogran(); break; /1 direct halt fromnmain program

}
}

As illustrative examples we give the code for the programs discussed previously:

0 PROGRAM Debug;

0 :

0 : FUNCTI ON Factorial (M;

2 BEG N

2 IF M<= 1 THEN RETURN 1;
20 : RETURN M * Factorial (M1);
43 : END;

44

44 VAR N,

44

44 BEG N

46 : READ(N) ;

50 : WH LE N > 0 DO

59 : BEG N WRI TE( Factorial (N)); READ(N) END;
75 : END.

0 BRN 44 Junp to start of program 40 RET 2 1 Exit function
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50

ADR 2 -5 BEGQ N Factori al 43 NFN
VAL Val ue of M 44 DSP
LIT 1 46 ADR
LEQ M<=17? 49 I NN
BZE 20 IF M<= 1 THEN 50 ADR
ADR 2 -1 Address of return val 53 VAL
LIT 1 Val ue of 1 54 LIT
STO Store as return val ue 56 GIR
RET 2 1 Exit function 57 BZE
ADR 2 -1 Address of return val ue 59 MST
ADR 2 -5 Address of M 60 ADR
VAL Val ue of M 63 VAL
MST Mar k st ack 64 CAL
ADR 2 -5 Address of M 67 PRN
VAL Val ue of M 68 NLN
LIT 1 69 ADR
SuB Val ue of M1 (argunent) 72 1 NN
CAL 1 2 Recursive call 73 BRN
MJL Val ue MrFactorial (M1) 75 HLT
STO Store as return val ue
PROGRAM Debug;
FUNCTI ON Last (List[], Limt);
BEG N
RETURN List[Limt];
END;
PROCEDURE Anal yze (Data[], N);
VAR
Local Dat a[ 2] ;
BEG N
Wite(Last(Data, N+2), Last(Local Data, 1));
END;
VAR
d obal Dat a[ 3] ;
BEG N
Anal yze(d obal Data, 1);
END.
BRN 62 Junp to start of program 38 VAL
ADR 2 -1 Address of return val ue 39 LIT
ADR 2 -5 41 ADD
VAL Address of List[0] 42 CAL
ADR 2 -7 Address of Limt 45 PRN
VAL Val ue of Limt 46 MST
ADR 2 -6 47 ADR
VAL Si ze of List 50 LIT
I ND Subscri pt 52 LIT
VAL Val ue of List[Limt] 54 CAL
STO Store as return val ue 57 PRN
RET 2 1 and exit function 58 NLN
NFN END Last 59 RET
DSP 3 BEG N Anal yze 62 DSP
MST Mar k St ack 64 MST
ADR 2 -5 First argument is 65 ADR
VAL Addr ess of Datal0] 68 LIT
ADR 2 -6 Hi dden argunent is 70 LIT
VAL Size of Data 72 CAL
ADR 2 -7 Conput e | ast argunent 75 HLT

N~ W oo

rO

S

END Factori al
BEG N nmi n program
Address of N
READ( N)
Address of N
Val ue of N
VWH LE N > 0 DO

Mark stack

Address of N

Val ue of N (argunent)
Cal | Factorial

WRI TE(resul t)

READX( N)
END

END

Val ue of N

Val ue of N+2 (argunent)
Last (Data, N+2)
Wite result
Mar k St ack
Addr ess of Local Dat a[ 0]
Si ze of Local Data
Val ue 1 (paraneter)
Last (Local Data, 1)
Wite result
Witeln
END Anal yze
BEG N Debug
Mar k st ack
Addr ess of d obal Dat a[ 0]
Si ze of d obal Data
Val ue 1 (argunent)
Anal yze(d obal Data, 1)
END

17.6.2 Semantic analysis and code generation in a Coco/R generated compiler

If we wish to write an LL(1) grammar as input for Coco/R, things become somewhat more
complex. We are obliged to write our productions as

St at ement
Assi gnment O Cal |
Act ual Paranmeters

OneAct ual Expression .

Fact or Desi gnat or Actual Paraneters |
| "(" Expression ")" .

Desi gnat or = identifier [ "[" Expression "]"

Ret ur nSt at emrent = "RETURN' [ Expression ]

AssignmentOr Cal ||
Desi gnator ( ":="
[ "(" OneActual

Expression |
{ "," OneActual

Act ual Paraneters )
T
nurber

]

This implies thaDesignator andExpression have to be attributed rather cleverly to allow all the



conflicts to be resolved. This can be done in several ways. We have chosen to illustrate a r
where the routines responsible for parsing these productions are passed a Boolean param
stipulating whether they are being called in a context that requires that the appearance of a
name must be followed by a subscript (this is always the case except where an actual para
syntactically an expression, but must semantically be an unsubscripted array name). On its
system is still inadequate for constraint analysis, and we must also provide some method f
checking whether an expression used as an actual reference parameter is comprised only
unsubscripted array name.

At the same time we may take the opportunity to discuss the use of an AST as an intermed
representation of the semantic structure of a program, by extending the treatment found in
15.3.2. The various node classes introduced in that section are extended and enhanced to
the idea of a node to represent a procedure or function call, linked to a set of nodes each o
represents an actual parameter, and each of which, in turn, is linked to the tree structure th
represents the expression associated with that actual parameter. The sort of structures we
exemplified in Figure 17.5, which depicts an AST corresponding to the procedure call in the
program outlined below

PROGRAM Debug;

FUNCTI ON F (X);
BEG N END; (* body of F *)

PROCEDURE P (U, V[], W;
BEG N END; (* body of P *)

VAR

P(F(X+5), A Y)
END.

FROCHODOE
entry P
lastparam
firstparan

FARAMHODE
neqdt
par

FROCHODE FARAMMHOOE
-:I'nt{_'y F next
astparam par
firstparan
i REFHODOE F’FIHFIH?EIDE
nex
FARAMHOOE offset ALE] par
next slze — E
par ——
COMSTHODE LJARHODE
= EINOFPHODE value & offset Y
op _+
left
right
LJARHODE COMSTHODE
offzet ¥ value &

Figure 17.5 AST structures for the statement PIFIE+E), A, Y )

Our baseNoDE class is extended slightly from the one introduced earlier, and now incorporat
member for linking nodes together when they are elements of argument lists:

struct NODE {

int val ue; /1 value to be associated with this node

bool defi ned; /1 true if value predictable at conpile tine
bool refnode; /1 true if node corresponds to a ref paraneter
NODE( ) { defined = false; refnode = false; }

virtual void emt1(void)
virtual void emt2(void)
virtual void link(AST next)

[T
eee



Similarly, thevARNCDE class has members to record the static level, and whether the corresg
variable is a variable in its own right, or is simply an alias for an array passed by reference:

struct VARNCDE : public NODE {

bool ref; /Il direct or indirectly accessed

int |evel; /1 static level of declaration

int offset; /1 offset of variable assigned by conpiler
I

VARNCDE() {;} default constructor

VARNODE(bool R, int L, int O { ref = R level = L; offset = G

virtual void emtl(void); /'l generate code to retrieve value of variable
virtual void emt2(void); /1 generate code to retrieve address of variable
virtual void |ink(AST next) {:}

H
Procedure and function calls give rise to instancesPabaNODE class. Such nodes need to recc
the static level and entry point of the routine, and have further links to the nodes that are se

represent the queue of actual parameters or arguments. It is convenient to introduce two st
pointers so as to simplify the nk member function that is responsible for building this queue.

struct PROCNODE : public NODE {
int |level, entrypoint; /Il static level, address of first instruction
AST firstparam | astparam /] pointers to argunment |ist
PROCNODE(int L, int E)
{ level =L; entrypoint = E; firstparam = NULL; | astparam = NULL;

virtual void emtl(void); /'l generate code for procedure/function call
virtual void emt2(void) ;
virtual void |ink(AST next); /1 1ink next actual paraneter

}

The actual arguments give rise to nodes of aPERAMNODE class. As can be seen from Figure
17.5, these require pointer members: one to allow the argument to be linked to another arg
and one to point to the expression tree for the argument itself:

struct PARAMNCDE : public NODE {

AST par, next; /] pointers to argunent and to next argunent
PARAMNODE( AST P) { par = P; next = NULL;
virtual void emtl(void); /1 push actual paraneter onto stack

virtual void emt2(void) 0}
virtual void |ink(AST param { next = param }

H
Actual parameters are syntactically expressions, but we need a fthiepeE class to handle the
passing of arrays as actual parameters:

struct REFNODE : public VARNCDE {

AST si ze; /1 real size of array argunent
REFNODE( bool R, int L, int O AST S)
{ ref =R level =L; offset = O size = S; refnode = true;
virtual void em tl(void); /'l generate code to push array address, size
virtual void emt2(void) {;}
virtual void link(AST next) {;}

b

Tree building operations may be understood by referring to the attributes with which a Cocc
specification would be decorated:

Assi gnnent O Cal |
= (. TABLE entries entry; AST des, exp;.)
Desi gnhat or <des, cl assset ( TABLE vars, TABLE procs), entry, true>
( /* assignnment */ (. if (entry.idclass != TABLE vars) SenError(210); .)
":=" EXpression<exp, true>
SYNC (. CGen->assign(des, exp); .)
| /* procedure call */ (. if (entry.idclass < TABLE_ procs)
{ SenError(210); return; }
CGen- >mar kst ack(des, entry.|evel,
entry.p.entrypoint); .)
Act ual Par anet er s<des, entry>
CGen->cal | (des); .)

Desi gnat or <AST &D, cl assset allowed, TABLE entries &entry, bool entire>



= (. TABLE_ al fa nane; AST index, size;
bool found;
D = CGen->enptyast(); .)
| dent <name> (. Tabl e->search(name, entry, found);
if (!found) SenError(202);
if (lallowed. menb(entry.idclass)) Sentrror(206);
if (entry.idclass != TABLE vars) return;
CGen- >st ackaddress(D, entry.|evel,
entry.v.offset, entry.v.ref); .)
. if (entry.v.scalar) Sentrror(204); .)
Expr essi on<i ndex, true>
if ('entry.v.scalar)
/* determ ne size for bounds check */
{ if (entry.v.ref)
CGen- >st ackaddr ess(si ze, entry.|evel,
entry.v.offset + 1, false);
el se
CGen- >st ackconst ant (si ze, entry.v.size);
CGen->subscript(D, entry.v.ref, entry.|level,
entry.v.of fset, size, index);
P

| (. if ('entry.v.scalar)
{ if (entire) SenError(205);
if (entry.v.ref)
CGen- >st ackaddr ess(si ze, entry.|level,
entry.v.offset + 1, false);
el se
CGen- >st ackconst ant (si ze, entry.v.size);
CGen- >st ackreference(D, entry.v.ref, entry.level,
entry.v.offset, size);
P

Act ual Par anet er s<AST &p, TABLE_ entries proc>

= (. int actual =0; .)
[ (" . actual ++;

OneAct ual <p, (*Table).isrefparan(proc, actual)>

{ VEAK ", " actual ++; .

OneAct ual <p, (*Table).isrefparan(proc, actual)> 1} ")"

] (. if (actual !'= proc.p.parans) Senkrror(209); .)

—

OneAct ual <AST &p, bool byref>
= (. AST par; .)
Expression<par, !byref> (. if (byref && !CGen->isrefast(par)) SenError(214);
CGen- >l i nkpar aneter (p, par);

Ret ur nSt at ement
= (. AST dest, exp; .)
" RETURN'
( (. if (blockclass != TABLE funcs) SenError(219);
CGen- >st ackaddr ess(dest, bl ocklevel, 1, false); .)
Expr essi on<exp, true>
CGen- >assi gn(dest, exp);
CGen- >| eavefuncti on(bl ockl evel); .)
| /* enpty */ (. switch (bl ockcl ass)
{ case TABLE procs :
CGen- >| eavepr ocedur e( bl ockl evel ); break;
case TABLE_progs :
CGen- >| eaveprogran(); break;
case TABLE_funcs :
SenError (220); break;

)

Expr essi on<AST &E, bool entire>
= (. AST T; CGEN_ operators op;
E = CGen->enptyast(); .)
( "+" TernxE, true>
"-" TernxE, true> (. CGen->negateinteger(E); .)
| TernxE, entire>

)
{ AddQp<op> TernxT, true>(. CGen->binaryintegerop(op, E, T); .)
1.

Ter nkAST &T, bool entire>
= (. AST F; CGEN operators op; .)
Factor<T, entire>
{ (. Ml Q<op>
/* mssing op */ (. SynError(92); op = CGEN_ opmul; .)
) Factor<F, true> (. CGen->bi naryi ntegerop(op, T, F); .)



} .

Fact or <AST &F, bool entire>
= (. TABLE entries entry;
int val ue;
F = CGen->enptyast(); .)
Desi gnat or <F, cl assset ( TABLE consts, TABLE vars, TABLE funcs), entry, entire>
(. switch (entry.idclass)
{ case TABLE consts :
CGen->stackconstant (F, entry.c.value); return;
case TABLE_procs :
case TABLE funcs :
CGen->mar kst ack(F, entry.level,
entry. p.entrypoint); break;
case TABLE vars :
case TABLE_progs :
return;
P
Act ual Par anmet er s<F, entry>
| Nunber <val ue> (. CGen->stackconstant(F, value); .)
| "(" Expression<F, true> ")"

The reader should compare this with the simpler attributed grammar presented in section 1
and take note of the following points:

® All productions that have to deal with identifiers call ufesignator. So far as code
generation is concerned, this production is responsible for creating nodes that represe
addresses of variables. Where other identifiers are recognized, executian of @
bypasses code generation, and leaves the routine after retrieving the symbol table en
that identifier.

® Designator must now permit the appearance of an unsubscripted array hame, creating
instance of ®EFNCDE in this case. Note the use of the i r e parameter passed to
Designator, Expression, Term andFactor to enable checking of the context in which the
subscript may be omitted.

® Parsing ofOneActual is simply effected by a call txpression. After this parsing is
completed, a check must be carried out to see whether a reference parameter does, i
consist only of an unsubscripted array name. NoticeQheActual also incorporates a call
a new code generating routine that will link the node just created for the actual param:
the parameter list emanating from the node for the procedure itself, a node that was c
themar kst ack routine.

® Productions likeAssignmentOrCall andFactor follow the call toDesignator with tests on th
class of the identifier that has been recognized, and use this information to drive the p
further (inFactor) or to check constraints (issignmentOrCall).

As before, once a AST structure has been built, it can be traversed and the corresponding
generated by virtue of each node "knowing" how to generate its own code. It will suffice to
demonstrate two examples. To generate code for a procedure call for our hypothetical stac
machine we define theni t 1 member function to be

voi d PROCNCDE: : emi t 1( voi d)
/] generate procedure/function activation and call
{ CGen->emt(int(STKMC nst));
if (firstparan) { firstparam>enmt1(); delete firstparam }
CGen->em t (i nt (STKMC cal));
CGen->em t (Il evel);
CGen->em t (entrypoint);
}

which, naturally, calls on thari t 1 member of its first parameter to initiate the stacking of the
actual parameters as part of the activation sequence. This member, in turn, caliswonithe



member of its successor to handle subsequent arguments:

voi d PARAMNCDE: : emi t 1(voi d)
/1 push actual paraneter onto stack during activation
{ if (par) { par->enitl(); delete par; } /1 push this argunent
if (next) { next->emtl(); delete next; } // followlink to next argunent

Source code for the complete implementation of the code generator class can be found in /
C and also on the source diskette, along with implementations for hand-crafted compilers tl
use of tree structures, and implementations that make use of the traditional variant records
to handle the inhomogeneity of the tree nodes.

Exercises

17.1 Some authors suggest that value-returning function subprograms are not really neces
can simply use procedures with call-by-reference parameter passing instead. On the other
C++ all subprograms are potentially functions. Examine the relative merits of providing both
language, from the compiler writer’s and the user’s viewpoints.

17.2 Extend Topsy and its compiler to allow functions and procedures to have parameters.
do this in such a way a function can be called either as an operand in an expression, or as
stand-alone statement, as in+C

17.3 The usual explanation of call-by-value leaves one with the impression that this mode ¢
passing is very safe, in that changes within a subprogram can be confined to that subprogr
However, if the value of a pointer variable is passed by value this is not quite the whole sto
does not provide call-by- reference, because the same effect can be obtained by writing co

void swap (int *x, int *y)

{int z; z =*x; *x =*y;, *y = z; }
Extend Topsy to provide explicit operators for computing an address, and dereferencing an
(as exemplified bygvari abl e and*vari abl e in C), and use these features to provide a refere
passing mechanism for scalar variables. Is it possible to make these operations secure (the
that they cannot be abused)? Are any difficulties caused by overloading the asterisk to mee
multiplication in one context and dereferencing an address in another context?

17.4 The array passing mechanisms we have devised effectively provide the equivalent of
Modula-2’s "open" array mechanism for arrays passed by reference. Extend Clang and its
implementation to provide the equivalent of Hne&H function to complete the analogy.

17.5 Implement parameter passing in Clang in another way - use the Pascal/Modula conve
preceding formal parameters by the keywesH if the call-by-reference mechanism is to be us
Pay particular attention to the problems of array parameters.

17.6 In Modula-2 and Pascal, the keywuare is used to denote call-by-reference, but no keyw
is used for the (default) call-by-value. Why does this come in for criticism? Is thevaredgood
choice?

17.7 How do you cater for forward declaration of functions and procedures when you have
formal parameters into account (see Exercise 16.17)?



17.8 (Longer) If you extend Clang or Topsy to introduce a Boolean type as well as an integ
(see Exercise 14.30), how do you solve the host of interesting problems that arise when yo
introduce Boolean functions and Boolean parameters?

17.9 Follow up the suggestion that parameters can be evaluated before the frame header i
allocated, and are then accessed through positive offsets from the baseBegister

17.10 Exercise 15.16 suggested the possibility of peephole optimization for replacing the ct
code sequence for loading an address and then dereferencing this, assuming the existence
powerful STKMC psh operation. How would this be implemented when procedures, functions
arrays and parameters are involved?

17.11 In previous exercises we have suggested that undeclared identifiers could be entere:
symbol table at the point of first declaration, so as to help with suppressing further spurious
What is the best way of doing this if we might have undeclared variables, arrays, functions,
procedures?

17.12 (Harder) Many languages allow formal parameters to be of a procedure type, so that
procedures or functions may be passed as actual parameters to other rottiadlews the same
effect to be achieved by declaring formal parameters as pointers to functions. Can you exte
or Topsy to support this feature? Be careful, for the problem might be more difficult than it |
except for some special simple cases.

17.13 Introduce a few standard functions and procedures into your languages, sueBstine
andcHr of Modula-2. Although it is easier to define these names to be reserved keywords,
introduce them as pervasive (predeclared) identifiers, thus allowing them to be redeclared :
user’s whim.

17.14 It might be thought that the constraint analysis on actual parameters in the Cocol gra
could be simplified so as to depend only onethie r e parameter passed to the various parsing
routines, without the need for a check to be carried out aftexmession had been parsed. Why
this check needed?

17.15 If you study the interpreter that we have been developing, you should be struck by th
that this does a great deal of checking that the stack pointer stays within bounds. This chec
strictly necessary, although unlikely to fail if the memory is large enough. It would probably
to check only for opcodes that push a value or address onto the stack. Even this would sev
degrade the efficiency of the interpreter. Suggest how the compiler and run-time system co
modified so that at compile-time a prediction is made of the extra depth needed by the run-
stack by each procedure. This will enable the run-time system to do a single check that this
will not be exceeded, as the procedure or program begins execution. (A system on these lii
suggested by Brinch Hansen (1985)).

17.16 Explore the possibility of providing a fairly sophisticated post-mortem dump in the ext
interpreter. For example, provide a trace of the subprogram calls up to the point where an ¢
detected, and give the values of the local variables in each stack frame. To be really user-fi
the run-time system will need to refer to the user names for such entities. How would this a
whole implementation of the symbol table?

17.17 Now that you have a better understanding of how recursion is implemented, study th
compiler you are writing with new interest. It uses recursion a great deal. How deeply do yc



suppose this recursion goes when the compiler executes? Is recursive descent "efficient” fc
aspects of the compiling process? Do you suppose a compiler would ever run out of space
to allocate new stack frames for itself when it was compiling large programs?

Further reading

As already mentioned, most texts on recursive descent compilers for block-structured langt
treat the material of the last few sections in fair detail, discussing one or other approach to
frame allocation and management. You might like to consult the texts by Fischer and LeBle
(1988, 1991), Watson (1989), Elder (1994) or Wirth (1996). The special problem of procedt
parameters is discussed in the texts by Aho, Sethi and Uliman (1986) and Fischer and LeB
(1988, 1991). Gough and Mohay (1988) discuss the related problem of procedure variables
found in Modula-2.

17.7 Language design issues

In this section we wish to explore a few of the many language design issues that arise whe
introduces the procedure and function concepts.

17.7.1 Scoperules

Although the scope rules we have discussed probably seem sensible enough, it may be of
record that the scope rules in Pascal originally came in for extensive criticism, as they were
incompletely formulated, and led to misconceptions and misinterpretation, especially when
by one-pass systems. Most of the examples cited in the literature have to do with the proble
associated with types, but we can give an example more in keeping with our own language
illustrate a typical difficulty. Suppose a compiler were to be presented with the following:

PROGRAM (One;

PROCEDURE Two (* first declared here *);
BEG N
VRI TE(’ First Two')
END (* Two *);

PROCEDURE Thr eg;

PROCEDURE Four ;
BEG N
Two
END (* Four *);

PROCEDURE Two (* then redeclared here *);
BEG N
WRI TE(' Second Two’)
END (* Two *);

BEG N
Four; Two
END (* Three *);

BEG N
Thr ee
END (* One *).
At the instant where procedureur is being parsed, and where the caltwo is encountered, the
first procedurewo (in the symbol table at level 1) seems to be in scope, and code will presu



be generated for a call to this. However, perhaps the second protedst®uld be the one that
in scope for procedureur ; one interpretation of the scope rules would require code to be
generated for a call to this. In a one-pass system this would be a little tricky, as this second
procedurerwo would not yet have been encountered by the compiler - but note that it would
been by the time the callskour andTwo were made from procedurer ee.

This problem can be resolved to the satisfaction of a compiler writer if the scope rules are
formulated so that the scope of an identifier extends from the point of its declaration to the «
the block in which it is declared, and not over the whole block in which it is declared. This n
for easy one-pass compilation, but it is doubtful whether this solution would please a progre
who writes code such as the above, and falls foul of the rules without the compiler reporting
fact.

An ingenious way for a single-pass compiler to check that the scope of an identifier extend:
the whole of the block in which it has been declared was suggested by Sale (1979). The be
algorithm requires that every block be numbered sequentially as it compiled (notice that the
numbers do not represent nesting levels). Each identifier node inserted into the symbol tab
extra numeric attribute. This is originally defined to be the unique number of the block maki
insertion, but each time that the identifieréferenced thereafter, this attribute is reset to the
number of the block making the reference. Each time an identifieclered, and needs to be
entered into the table, a search is made of all the identifiers that are in scope to see if a duj
identifier entry can be found that is already attributed with a number equal to or greater thau
the block making the declaration. If this search succeeds, it implies that the scope rules are
be violated. This simple scheme has to be modified, of course, if the language allows for le
forward declarations and function prototypes.

17.7.2 Function return mechanisms

Although the use of an explidrReturnStatement will seem natural to a programmer familiar witr
Modula-2 or G+, it is not the only device that has been explored by language designers. In
for example, the value to be returned must be defined by means of what appears to be an

assignment to a variable that has the same name as the function. Taken in conjunction witl
that in Pascal a parameterless function call also looks like a variable access, this presents

small difficulties to a compiler writer, as a study of the following example will reveal

PROGRAM Debug;
VAR B, G

FUNCTI ON One (W;
VAR X, Y,

FUNCTI ON Two (2);
FUNCTI ON Thr ee;

BEG N
Two := B + X (* should this be allowed ? *)
Three := Three; (* syntactically correct, although usel ess *)
END;
BEG N
Two := B + Two(4); (* nust be allowed *)
Two := B + X (* nmust be allowed *)
Two : = Three; (* nmust be allowed *)
Three : = 4; (* Three is in scope, but cannot be used like this *)
END;
BEG N
Two : = X; (* Two is in scope, but cannot be used like this *)

B +
X = Two(Y); (* must be allowed *)



BEG N
One( B)
END.
Small wonder that in his later language designs Wirth adopted the exglicitn statement. Of
course, even this does not find favour with some structured language purists, who preach t
routine should have exactly one entry point and exactly one exit point.

Exercises

17.18 Submit a program similar to the example in section 17.7.1 to any compilers you may
using, and detect which interpretation they place on the code.

17.19 Implement the Sale algorithm in your extended Clang compiler. Can the same sort of
conflicts arise in €+, and if so, can you find a way to ensure that the scope of an identifier e
over the whole of the block in which it is declared, rather than just from the point of declara
onwards?

17.20 The following program highlights some further problems with interpreting the scope r
languages when function return values are defined by assignment statements.

PROGRAM Si | I y;
FUNCTI ON F;

FUNCTION F (F) (* nested, and sane paraneter name as function *);
BEG N
F:=1
END (* inner F *);

BEG N (* outer F *)
F:=2
END (* outer F *);

BEG N
VRl TE(F)
END (* Silly *).

What would cause problems in one-pass (or any) compilation, and what could a compiler w
about solving these?

17.21 Notwithstanding our comments on the difficulties of using an assignment statement t
specify the value to be returned from a function, develop a version of the Clang compiler th
incorporates this idea.

17.22 In Modula-2, a procedure declaration requires the name of the procedure to be quote
after the terminatingND. Of what practical benefit is this?

17.23 In classic Pascal the ordering of the components in a program or procedure block is"
restrictive. It may be summarized in EBNF on the lines of

Block = [ ConstDeclarations ]
[ TypeDecl arations ]
[ VarDecl arations ]
{ ProcDeclaration }

ConpoundsSt at enent .

In Modula-2, however, this ordering is highly permissive:

Block = { ConstDeclarations | TypeDeclarations | VarDeclarations | ProcDeclaration }



ConpoundsSt at enent .
Oberon (Wirth, 1988b) introduced an interesting restriction:

Block = { ConstDeclarations | TypeDeclarations | VarDeclarations }
{ ProcDecl aration }
ConpoundsSt at enent .

Umbriel (Terry, 1995) imposes a different restriction:

Block = { ConstDeclarations | TypeDeclarations | ProcDeclaration }
{ VarDecl arations }
ConmpoundSt at ement .

Although allowing declarations to appear in any order makes for the simplest grammar, lan
that insist on a specific order presumably do so for good reasons. Can you think what these
be?

17.24 How would you write a Cocol grammar or a hand-crafted parser to insist on a particu
declaration order, and yet recover satisfactorily if declarations were presented in any order’

17.25 Originally, in Pascal a function could only return a scalar value, and not, for example.
ARRAY, RECORD or SET. Why do you suppose this annoying restriction was introduced? Is the
easy (legal) way around the problem?

17.26 Several language designers decry function subprograms for the reason that most lar
not prevent a programmer from writing functions that rese effects. The program below
illustrates several esoteric side-effects. Given that one really wishes to prevent these, to wt
can a compiler detect them?

PROGRAM Debug;
VAR
A B[12];

PROCEDURE P1 (X[1);
BEG N

X[3] :=1 (* Xis passed by reference *)
END;
PROCEDURE P2;
BEG N
A :=1 (* nodifies global variable *)
END;
PROCEDURE P3;
BEG N
P2 (* indirect attack on a global variable *)
END;
PROCEDURE P4;
VAR C,
FUNCTION F (Y[1);
BEG N
A:=3 (* side-effect *);
cC:=4 * side-effect *);
READ( A) * side-effect *)
Y[4] :=4 (* side-effect *)
P1(B) (* side-effect *)
P2 (* side-effect *)
P3 (* side-effect *)
P4 (* side-effect *)
RETURN 51
END;
BEG N
A = F(B);
END;

BEG N



P4
END.

17.27 If you introduce BOR loop into Clang (see Exercise 14.46), how could you prevent a
malevolent program from altering the value of the loop control variable within the loop? Sor
attempts are easily detected, but those involving procedure calls are a little trickier, as stud

following might reveal:

PROGRAM Thr eat en;

VAR i ;
PROCEDURE Nasty (VAR X);
BEG N
x := 10
END;

PROCEDURE Nasti er;
BEG N

i =10
END;
BEG N
FORi := 0 TO 10 DO
FORi := 0 TO5 DO (* Corrupt
BEG N
READ( i ) (* Corrupt
i 1= 6 (* Corrupt
Nasty(i) (* Corrupt
Nasti er (* Corrupt
END
END.

using as inner control variable *)

reading a new val ue *);

direct assignment *);

passing i by reference *);

calling a procedure having i in scope *)

Further reading

Criticisms of well established languages like Pascal, Modula-2 and C are worth following u
reader is directed to the classic papers by Welsh, Sneeringer and Hoare (1977) (reprinted i
(1981)), Kernighan (1981), Cailliau (1982), Cornelius (1988), Mody (1991), and Sakkinen (:
for evidence that language design is something that does not always please users.
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18 CONCURRENT PROGRAMMING

It is the objective of this chapter to extend the Clang language and its implementation to do
name suggests - handle simple problems in concurrent programming. It is quite likely that t
field which is new to the reader, and so we shall begin by discussing some rudimentary cor
concurrent programming. Our treatment of this is necessarily brief, and the reader would be
advised to consult one of the excellent specialist textbooks for more detail.

18.1 Fundamental concepts

A common way of introducing programming to novices is by the preparation of a recipe or
algorithm for some simple human activity, such as making a cup of tea, or running a bath. |
introductions the aim is usually to stress the idegequiiential algorithms, where "one thing gets
done at a time". Although this approach is probably familiar by now to most readers, on refl
may be seen as a little perverse to try to twist all problem solving into this mould - indeed, t
be the very reason why some beginners find the sequential algorithm a difficult concept to (
Many human activities are better represented as a set of interacting processes, which are ¢
in parallel. To take a simple example, a sequential algorithm for changing a flat tyre might k
written

begi n
open boot
take jack from boot
take tools from boot
remove hubcap
| oosen wheel nuts
jack up car
take spare from boot
take of f flat tyre
put spare on
| ower jack
tighten wheel nuts
repl ace hubcap
place flat tyre in boot
pl ace jack in boot
pl ace tools in boot
cl ose boot

end

but it might be difficult to convince a beginner that the order here was correct, especially if |
she were used to changing tyres with the aid of a friend, when the algorithm might be bette
expressed

begi n
open boot
take tools from boot and take jack from boot
remove hubcap
| oosen wheel nuts
jack up car and take spare from boot
take off flat tyre
put spare on

| ower jack and place flat tyre in boot
tighten wheel nuts and pl ace jack in boot
repl ace hubcap and pl ace tools in boot
cl ose boot
end

Here we have several examplesaricurrent processes, which could in theory be undertaken k
two almost autonomous processors - provided that they co-operate at crucial instants so as



in step (for example, taking off the flat tyre and getting the spare wheel from the boot are b«
processes which must be completed before the next process can start, but it does not matt
completed first).

We shall define aequential process as a sequence of operations carried out one at a time. T
precise definition of an operation will depend on the level of detail at which the process is
described. Aconcurrent program contains a set of such processes executing in parallel.

There are two motivations for the study of concurrency in programming languages. Firstly,
concurrent facilities may be directly exploited in systems where one has genuine multiple
processors, and such systems are becoming ever more common as technology improves.
concurrent programming facilities may allow some kinds of programs to be designed and st
more naturally in terms of autonomous (but almost invariably interacting) processes, even i
are executed on a single processing device, where their execution will, at best, be interleav
real time.

Concurrent multiprocessing of peripheral devices has been common for many years, as pa
highly specialized operating system design. Because this usually has to be ultra efficient, it
tended to be the domain of the highly skilled assembly-level programmer. It is only compar:
recently that high-level languages have approached the problem of providing reliable, easil
understood constructs for concurrent programming. The modern programmer should have

some elementary knowledge of the constructs, and of the main problem areas which arise

concurrent programming.

18.2 Parallel processes, exclusion and synchronization

We shall introduce the notation

COBEG NS ;S,; S . . .S, COEND

to denote that the statements or procedure §atlan be executed concurrently. At an abstract

level the programmer need not be concerned with how concurrency might be implemented
hardware level on a computer - all that need be assumed is that processes execute in a no
finite (as opposed to infinite) time. Whether this execution truly takes place in parallel, or wi
it is interleaved in time (as it would have to be if only one processor was available) is irrele

To define the effect of a concurrent statement we must take into account the stafgaed&;, |
which precede and follow it in a given program. The piece of code

S COBEG NS, ;S,;S;; .. .§,COEND; §,, 1

can be represented by thieecedence graph of Figure 18.1.
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Figure 13.1 A precedence graph for a simple set of concurrent processes

Only after all the statemen%; . . .S, have been executed W8], ; be executed. Similarly, the
construction

S,; COBEGN S, S, COEND, S

!
5g
!
g7

Figure 12.2 A precedence graph for a more compled set of processes

Although it is easy enough to depict code usingtBEG N ... COEND construct in this way, we
should observe that precedence graphs can be constructed which cannot be translated intc

highly structured notation. An example of this appears in Figure 18.3.

Sg S4 Sg
| | |
!
£

Figure 18.3 A precedence graph_that cannot be edpressed
using COBEGIN ... COERND

As an example of the use of tbéBEG N ... COEND construct, we show a small program that \
compute three simple summations simultaneously



PROGRAM Concurrent;
VAR
sl, s2, s3, i1, i2, i3;

BEG N

COBEG N
BEANsl :=0; FORil1l :=1TO10 DO sl := sl + i1l END
BEGANs2 :=0; FORi2 :=1TO 10 DO s2 :=s2 + i2 END,
BEANs3 :=0; FORiI3 := 10 DO s3 := s3 + i3 END;
CCEND;

WRI TE(s1, s2, s3)
END.

We may use this example to introduce two problem areas in concurrent programming that ¢
do not arise in sequential programming (at least, not that the high-level user can ever perce
have already intimated that we build concurrent programs out of sequential processes that
regarded as executing simultaneously. A sequential process must be thought of as a seque
algorithm that operates on a data structure; the whole has the important property that it alw
the same result, regardless of how long it takes to execute. When sequential processes ste
execute in parallel their time independence remains invariant only if their data structures re
truly private. If a process uses variables which other processes may simultaneously be cha
is easy to see that the behaviour of the program as a whole may depend crucially on the re
speeds of each of its parts, and may become totally unpredictable.

In our example the three processes access totally private variables, so their concurrent con
is equivalent to any of the six possible ways in which they could have been arranged seque
As concurrent processes, however, the total execution time might be reduced. However, fo
similar program below

PROGRAM Concur rent ;
VAR
sl, s2, s3, i1, i2, i3

BEG N

COBEG N
BEGNs2 :=0; FOR il := TO DO sl := sl + i2 END
BEGNs3 :=0; FORi2 :=1TO10 DOs2 :=s2 + i3 END
BEANsl :=0; FORi3 :=1 TO DO s3 :=s3 + i1l END

COEND;
Wite(sl, s2, s3)
END.

chaos would result, because we could never predict with certainty what was in any of the sl
variables. At the same time the reader should appreciate that it must be possible to allow p

to access non-private data structures, otherwise concurrent processes could never exchan
co-operate on tasks of mutual interest.

If one wishes to succeed in building large, reliable, concurrent programs, one will ideally we
use programming languages that cater specially for such problems, and are so designed th
dependent errors can be detected at compile-time, before they cause chaos - in effect the «
must protect programmers from themselves. The siGQEEG N ... COEND structure is
inadequate as a reliable programming tool: it must be augmented with some restrictions on
forms of the statements which can be executed in parallel, and some method must be foun
handling the following problems:

® Communication - processes must somehow be able to pass information from one to a
® Mutual exclusion - processes must be guaranteed that they can access a critical regio

code and/or a data structure in real-time without simultaneous interference from comg
processes.



® Synchronization - two otherwise autonomous processes may have to be forced to wai
real-time for one another, or for some other event, and to signal one another when it i
proceed.

How best to handle these issues has been a matter for extensive research; suffice it to say
various models have been proposed and incorporated into modern languages such as Con
Pascal, Pascal-FC, Pascal-Plus, Modula, Edison, Concurrent Euclid, occam and Ada. Alart
excursions: we propose to study a simple method, and to add it to Clang in this chapter.

We shall restrict the discussion to the use of shared memory for communication between p
(that is, processes communicate information through being able to access common areas ¢
same memory space, rather than by transmitting data down channels or other links).

The exclusion and synchronization problems, although fundamentally distinct, have a lot in
common. A simple way of handling them is to use the concept sétiaphor e, introduced by
Dijkstra in 1968. Although there is a simple integer value associated with a semgpheheuld
really be thought of as a new type of variable, on which the only valid operations, beside th
assignment of an initial associated integer valuep@g (from the Dutchpasseren, meaning to
pass) and( S) (from the Dutchurijgeven, meaning to release). In English these are often calle
wait andsignal. The operations allow a process to cause itself to wait for a certain event, an
to be resumed when signalled by another process that the event has occurred. The simple:
semantics of these operations are usually defined as follows:

P(S) orwal T(S) Wait until the value associated wihs positive, then subtract 1 frasrand
continue execution

V(S) orsi GNAL(S) Add 1 to the value associated withThis may allow a process that is waiting
because it executes) to continue.

Bothwal T(S) andsl GNAL( S) must be performed "indivisibly" - there can be no partial comple
of the operation while something else is going on.

As an example of the use of semaphores to provide mutual exclusion (that is, protect a criti
region), we give the following program, which also illustrates having two instances of the se
process active at once.

PROGRAM Excl usi on;
VAR Shared, Senmphore;

PROCEDURE Process (Limt);
VAR Loop;
BEG N
Loop := 1;
WH LE Loop <= Limt DO
BEG N
WAI T( Senaphore) ;
Shared : = Shared + 1,
S| GNAL( Sermaphor e) ;
Loop := Loop + 1,
END
END;

BEG N
Semaphore := 1; Shared := 0;
COBEG N
Process(4); Process(5+3)
COEND;
WRI TE( Shar ed) ;

END.

Each of the processes has its own private local loop cawter but both increment the same



global variableshar ed, access to which is controlled by the (shasegipphor e. Notice that we al
assuming that we can use a simple assignment to set an initial value for a semaphore, eve
we have implied that it is not really a simple integer variable.

As an example of the use of semaphores to effect synchronization, we present a solution tc
producer - consumer problem. The idea here is that one process produces items, and anot
consumes them, asynchronously. The items are passed through a distributor, who can only
item in stock at one time. This means that the producer may have to wait until the distributc
ready to accept an item, and the consumer may have to wait for the distributor to receive a
consignment before an item can be supplied. An algorithm for doing this follows:

PROGRAM Pr oducer Consuner ;
VAR
CanSt ore, CanTake;

PROCEDURE Pr oducer ;
BEG N
REPEAT
Pr oducel t em
WAI T(CanStore); G veToDistributor; SlIGNAL(CanTake)
FOREVER
END;

PROCEDURE Consuner ;
BEG N
REPEAT
WAl T(CanTake); TakeFronDi stributor; SIGNAL(CanStore);
Consunel t em
FOREVER
END;

BEG N
CanStore := 1; CanTake := 0;
COBEQ N
Producer; Consuner
CCEND
END.

A problem which may not be immediately apparent is that communicating processes which
synchronize, or ensure that they have exclusive access to a critical region, may descthook ed
when they all - perhaps erroneously - end up waiting on the same semaphore (or even diffe
ones), with no process still active which can signal others. In the following variation on the :
example this is quite obvious, but it is not always so simple to detect deadlock, even in quit
programs.

PROGRAM Pr oducer Consuner ;
VAR
CanSt ore, CanTake;

PROCEDURE Pr oducer (Quota);
VAR | ;
BEG N
=1
WH LE | <= Quota DO
BEG N
Produceltem | =1 + 1;
WAl T(CanStore); G veToDistributor; SlIGNAL(CanTake);
END
END;

PROCEDURE Consuner (Demand);
VAR | ;
BEG N
I =1
WH LE | <= Denmand DO
BEG N
WAl T( CanTake) ; TakeFronDi stributor; SIGNAL(CanStore);
Consuneltem | :=1 + 1;
END
END;

BEG N



CanStore := 1; CanTake := 0;
COBEG N
Producer (12); Consuner (5)
COEND
END.

Here the obvious outcome is that only the first five of the objects produced can be consume
whenconsuner finishes,Producer will find itself waiting forever for thei st ri but or to dispose
of the sixth item.

In the next section we shall show how we might implement concurrency using

COBEG N ... COEND, and then T andsl GNAL primitives, by making additions to our simple
language like those suggested above. This is remarkably easy to do, so far as compilation
concerned. Concurrent execution of the programs so compiled is another matter, of course
shall suggest how an interpretive system can give the effect of simulating concurrent exect
using run-time support rather like that found in some real-time systems.

Exercises

18.1 One of the classic problems used to illustrate the use of semaphores is the so-called "
buffer" problem. This is an enhancement of the example used before, but where the distribi
store up tovax items at one time. In computer terms these are usually held in a circular buffe
stored in a linear array, and managed by using two indicesgsayndTai | . In terms of our
simple language we should have something like

CONST
Max = Size of Buffer;
VAR
Buf fer[ Max-1], Head, Tail;

with Head andTai | both initially set to 1. Adding to the buffer is always done at the tail, and
removing from the buffer is done from the head, along the lines of

add to buffer:
Buffer[Tail] := Item
Tail := (Tail + 1) MOD Max;

renove from buffer:

Item : = Buffer[Head];

Head := (Head + 1) MOD Max;
Devise a system where one process continually adds to the buffer, at the same time that a
process tries to empty it, with the restrictions that (a) the first process cannot add to the buf
full (b) the second process cannot draw from the buffer if it is empty (c) the first process cal
to the buffer while the second process draws from the buffer at exactly the same instant in
real-time.

18.2 Another classic problem has become known as Conway'’s problem, after the person w
proposed it. Write a program to read the data from 10 column cards, and rewrite it in 15 col
lines, with the following changes: after every card image an extra space character is appen
every adjacent pair of asterisks is replaced by a single up-firow

This is easily solved by a single sequential program, but may be solved (more naturally?) b
concurrent processes. One of theseut , reads the cards and simply passes the characters (
the additional trailing space) through a finite buffer, iIseBuf f er , to a procesSquash which

simply looks for double asterisks and passes a stream of modified characters through a se«



buffer, sayout Buf f er , to a processut put , which extracts the characters from the second buf
and prints them in 15 column lines.

18.3 A semaphore-based system - syntax, semantics, and code generation

So as to provide a system with which the reader can experiment in concurrent programmin
shall add a few more permissible statements to our language, as described by the followinc

St at ement = [ ConpoundStatenent | Assignment | ProcedureCall
| I'fStatenent | Wil eStatenment
| WiteStatenment | ReadStat enent
| Cobegi nStatenent | SemaphoreStatenent ]

Cobegi nSt at emrent = "COBEA N' ProcessCall { ";" ProcessCall } " COEND" .
ProcessCal | = Procldentifier Actual Paraneters .
Senaphor eSt at enent = ( "WAIT" | "SIGNAL" ) "(" Variable ")"

There is no real restriction in limiting the statements which may be processed concurrently
procedure calls, as any other statement may be packaged into a trivial procedure. Howevel
simple implementation we shall limit the number of processes which can execute in paralle
restrict theCOBEG N ... COEND construction to appearing in the main program block. These

restrictions are really imposed by our pseudo-machine, which we shall augment as simply
possible by incorporating five new instructiooBG FRK, CND, WGT andsl G, with the following
semantics:

CBG N Prepare to instantiate a setafoncurrent processes

FRK A Set up a suspended call to a level 1 procedure whose code commences ahaddress

CND Suspend parent process and transfer control to one of the processes previously instantiated k
FRK

WGT Wait on the semaphore whose address is at top-of-stack

SIG Signal the semaphore whose address is at top-of-stack.

The way in which parsing and code generation are accomplished can be understood with ri
to the Cocol extract that follows:

Cobegi nSt at enment

int processes = 0;
CGEN_| abel s start; .)

(.
" COBEG N' (. if (blockclass != TABLE progs) Sentrror(215);
CGen- >cobegi n(start); .
ProcesscCal | (. processes++; .)
{ WEAK ";" ProcessCall (. processes++; .)
}
" COEND' (. CGen->coend(start, processes); .) .

ProcesscCal |
= (. TABLE entries entry; TABLE alfa nane;
bool found; .)
| dent <name> (. Tabl e->search(name, entry, found);
if (!found) SenError(202);
if (entry.idclass == TABLE procs)
CGen- >mar kst ack() ;
el se { SenError(217); return; } .)
Act ual Par anet ers<entry> (. CGen->forkprocess(entry.p.entrypoint); .) .

Semaphor eSt at enent
= bool wait; .)

wait = true; .)
wait = false; .)

( "waT
| "SI GNAL"

—~ o~~~

"(" Variabl e if (wait) CGen->waitop(); else CGen->signalop(); .)
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The reader should note that:

® Code associated wittDBEG N andCOEND must be generated so that the run-time system
prepare to schedule the correct number of processes. A count of the processes is ma
the parser foCobeginSatement, and later patched into the code generated by the call tc
cobegi n code generating routine when the caltéend is made.

® Thef orkprocess routine generates code that resembles a procedure call, but when th
is later executed it stops short of making the calls. In a more sophisticated code gene!
employing the use of an AST, as was discussed in section 17.6PROtNEDE class would
need to incorporate two code generating members, one for normal calls, and one for ¢
suspended calls.

® The code generated by tbeend routine signals to the run-time system that all the proce
that have been initiated by the code generatedbipr ocess may actually commence
concurrent execution, and at the same time suspends operation of the main program.
become clearer in the next section, where we discuss run-time support.

As before, the discussion will be clarified by presenting the code for an earlier example, wh
shows the use of semaphores to protect a critical region of code accessing a shared variab
of processes that use simple value parameters, and the invocation of more than one instan
same process.

Clang 4.0 on 28/12/95 at 15:27:13

0 PROGRAM Excl usi on;

0 VAR Shared, Semaphor e;

2

2 PROCEDURE Process (Limt);

2 VAR Loop;

4 BEG N

4 Loop : = 1;

10 WH LE Loop <= Linmt DO
21 BEG N

21 WAI T( Senaphore) ;

25 Shared : = Shared + 1;
36 S| GNAL( Semaphor e) ;
40 Loop := Loop + 1,

51 END

51 END;

56

56 BEG N

58 Semaphore := 1; Shared := 0;
70 COBEG N

70 Process(4); Process(5+3)
83 CCEND;

86 WRI TE( Shar ed) ;

92 END.

The code produced in the compilation of this program would read

0 BRN 56 to start of nmmin program
2 DSP 1 BEGQ N Process

4 ADR 2 -6 address of Loop

7 LT 1 Constant 1

9 STO Loop :=1

10 ADR 2 -6 address of Loop

13 VAL val ue of Loop

14 ADR 2 -5 address of Limt

17 VAL value of Limt

18 LEQ Loop <= Limt ?

19 BZE 53 WH LE Loop <= Linit DO
21 ADR 1 -2 Addr ess of Semaphore
24 WGT WAI T( Senmaphor e)

25 ADR 1 -1 Addr ess of Shared



28 ADR 1 -1 Addr ess of Shared

31 VAL Val ue of Shared
32 LIT 1 Constant 1
34 ADD Val ue of Shared + 1
35 STO Shared : = Shared + 1
36 ADR 1 -2 Addr ess of Senmaphore
39 SIG S| GNAL( Serraphor e)
40 ADR 2 -6 Addr ess of Loop
43 ADR 2 -6 Addr ess of Loop
46 VAL Val ue of Loop
47 LIT 1 Constant 1
49 ADD Val ue of Loop + 1
50 STO Loop := Loop + 1
51 BRN 10 END
53 RET 2 0 END Process
56 DSP 2 BEGQ N Excl usion
58 ADR 1 -2 Addr ess of Senmphore
61 LIT 1 Constant 1
63 STO Semaphore (=1
64 ADR 1 -1 Addr ess of Shared
67 LIT 0 Constant 0
69 STO Shared := 0
70 CBG 2 COBEA N (2 processes)
72 MST Mar k st ack
73 LIT 4 Argunent 4
75 FRK 2 Process(4)
77 MST Mar k St ack
78 LIT 5 Constant 5
80 LIT 3 Constant 3
82 ADD Argument 5 + 3
83 FRK 2 Process(5+3)
85 CND CCEND
86 ADR 1 -1 Addr ess of Shared
89 VAL Val ue of Shared
90 PRN WRI TE( Shar ed)
91 NLN Witeln
92 HLT END Excl usi on
Exercises

18.3 If you study the above code carefully you might come up with the idea that it could be
optimized by adding "level" and "offset" components towaeandsl Ginstructions. Is this a
feasible proposition?

18.4 What possible outputs would you expect from the example program given here? Whai
could you expect if the semaphore were not used?

18.5 Is it not a better idea to introdURCESS as a reserved keyword, rather than just specifyi
process as BROCEDURE? Discuss arguments for and against this proposal, and try to implem:
anyway.

18.4 Run-timeimplementation
We must now give some consideration to the problem of how one might execute a set of p¢
processes or, in our case, interpret the stack machine code generated by the compiler. Per
is a good point to comment that any sequential process forming part of a (generally) concui
program may be in one of four states:

- running - instructions are being executed

- ready - suspended, waiting to be assigned to a processor



- blocked - suspended, waiting for some event to occur (such as 1/0 to be completed, ¢
a signal on a semaphore)

- deadlocked - suspended, waiting for an event that will never occur (perhaps because
a failure in some other part of the system).

These states may conveniently be represented on a state diagram like that of Figure 18.4.

—* Running

wait for event

Progessar Interrupt
assianed - Elocked

EVENT OCCUTS |
Deadlocked

Figure 18.4 The possible edecution states of one of a number of
sequent ial processes

Ready +

In practical implementations, concurrent behaviour is achieved in one of several ways. For
example, processes can either

® share execution time on a single real processor (pseudo-concurrency);

® execute on a true multiprocessor system with shared memory, perhaps with each pro:
handling at most one process;

® execute on a true multiprocessor system without shared memory (distributed processi

The implementation usually depends critically on a run-time support systeennat, which may
take one of a number of forms:

® a software structure, programmed as part of the application (as must be done in Modt
® a standard software system, linked in with the object code (as usually done in Ada);
® a microcoded hardware structure (as typified by the Transputer).

Although thelogical behaviour of a correct concurrent program will not - or should not - be
dependent on the kernel, therformance of a real-time system may depend critically on the
characteristics of the scheduling algorithms used in the kernel.

The shared memory, semaphore-based implementation upon which we have been focusing
lends itself to the idea of multiplexing the processes on a single processor, or distributing tt
among a set of processors. Our interpreter, of course, really runs on one processor, althou
no reason why it should not emulate several real processors - with an interpretive approact
architecture can be modelled if one is prepared to sacrifice efficiency. What we shall do hel
emulate a system in which one controlling processor shares its time between several proce
allowing each process to execute for a few simulated fetch-execute cycles, before moving «
next. This idea ofime-slicing is very close to what occurs in some time-sharing systems in re
life, with one major difference. Real systems are usually interrupt-driven by clock and perip
controller devices, with hardware mechanisms controlling when some process switches oct
software mechanisms controlling when others happen as a regailtrainds| GNAL operations or
semaphores. On our toy system we shall simulate time-slicing by letting each active proces



execute for a small random number of steps before control is passed to another one.

The simulated shared memory of the complete system will be divided up between the paral
processes while they are executing. This is not the place to enter into a study of sophisticat
memory management techniques. Instead, what we shall do is to divide the memory which
after the allocation to the main program stack frame, the program code, and the string pool
among each of the processes which have been initiated.

The processes are started by the main program; while they are executing, the main progral
effectively dormant. When all the processes have run to completion, the main program is a
once more. While they are running, one can think of each as a separate program, each req
own stack memory, and each managing it in the way discussed previously. Each process
conceptually has its own processor - or, more honestly, keeps track of its own set of proces
registers, its own display, and so on. To accomplish this, we extend the data structures use
interpreter, and in particular introduce a linked ring structure of so-qaltm#ss descriptors, as
follows:

const int STKMC procmax = 10;
typedef int STKMC proci ndex;

——
——

Limt on concurrent processes
Really 0 .. procmax

struct processrec {
STKMC_address bp, np, sp, pc;
STKMC pr oci ndex next;
STKMC_pr oci ndex queue;
bool ready;
STKMC _addr ess stackmax, stackmi n;
int display[ STKMC | evimax];

Process descriptor records
Shadow regi sters

Ri ng pointer

Li nked, waiting on semaphore
Process ready flag

Menmory limts

Di spl ay registers

~————
~————

processrec process[ STKMC procmax + 1];
STKMC _proci ndex current, nexttorun;
const int maxslice = 8;

int slice;

Ri ng of process descriptors
Process pointers

Maxi mumtine slice

Current tine slice

~——
~——

The reader should note the following:

® The important eady field indicates whether the process is still activeady = true), or has
run to completion or been suspended on a semapturgy(= f al se).

® Each process descriptor needs to maintain copies of the processor registers, so that v
context switch is done to allow another process to take charge of the single processor
real CPU registers can be restored to the values they had when that process last exe«

® Similarly, each process descriptor maintains its own set of display registers, and its ov
on the memory that it is allowed to access for storing local variables and performing s
manipulations.

® The zeroth entry in thgr ocess array is used for the main program. As already mentione
the other process descriptors are linked to form a circular ring, andxth@ndqueue fields
are used to connect these descriptors together.

As an example, consider the case where the main program has just launched four concurre
processes. The process descriptors would be linked as shown in Figure 18.5(a).



Process 1

FProcess 2

next 3
ready  TEUE
quEde 5]

FProcess 2

next 4
ready  TREUE
quEde 5]

FProcess 4

next 1
ready  TEUE
quEde 5]

next z
ready  TEUE
quiEde 5]

Figure 12.50a)

:

Process ring immediately after launch ing four concurrent
processes

If process 2 is then forced to wait on a semaphore, the descriptor ring would change to the
depicted in Figure 18.5(b).

FProcess 1 Frocess 2 Frocess 3 Frocess 4
next z ¥| next 3 ¥| next 4 ¥| next 1
ready  TEUE ready  FHLSE ready  TEUE ready  TEUE
= 5] = 5] = 5] = 5]

Figure 18.5(b) Process ring immediately after process 2 has been forced

to walt

If process 3 runs to completion in the next time slice, the ring will then change to the situati
depicted in Figure 18.5(c).

Frocess 1 Frocess 2 Frocess 3 Frocess 4

QUELE QUELE QUELE QUELE

next z ¥| next 3 ¥| next 4 ¥| next 1
{_+ ready TEUE ready FBLSE ready FBLSE ready TEUE

:

Finally, if process 4 then waits on the same semaphore, the ring changes to the situation d:
Figure 18.5(d).

Figure 18.5(c) Process ring immediately after process 3 has run to

camp let ion

Process 2 Process 3 Process 4

next 2 ¥| next 2 ¥| next 4 ¥| next 1
ready  TEUE ready  FALSE ready  FALSE ready  FALSE
quEUE [5] quEUE 4 quEUE 5] [+ quEUE 5]

[

Process 1

Figure 12.5(d) Process ring after process 4 has also been forced to wait

When a group of processes are all waiting on a common semaphoregdleifields will all have
been set tohal se, and theiueue fields will have been used to link them in a FIFO queue, se!
in real time as theal T operations were handled. We return to this point a little later on.

Initialization and emulation of the machine proceeds much as before, save that we now init
parent process (main program) process descriptor as well as the virtual processor:

process[ 0] . queue 0

process[ 0] . ready true
process[0].stackmax = initsp
process[0].stackm n = codel en

/1 Initialize parent process descriptor
/1 (menory limts and displ ay)

for (int I =0; | < STKMC_ |evmax; |++) process[0].display[l] = initsp
cpu.sp = initsp; /'l Initialize stack pointer

cpu.bp = initsp; /1 Initialize registers

cpu.pc = initpc; /1 Initialize program counter
nexttorun = 0; nprocs = 0; /1 Initialize enulator variables

slice = 0; ps = running
do



{ current = nexttorun; /1 Set active process descriptor pointer

pcnow = cpu. pc; /1 Save for tracing purposes
if (unsigned(nmenicpu.pc]) > int(STKMC nul)) ps = badop
el se

{ cpu.ir = STKMC opcodes(nenicpu.pc]); cpu.pc++; [/ Fetch
if (tracing) trace(results, pcnow);
switch (cpu.ir) { /] Execute
/1 various cases
}

if (nexttorun !'= 0) chooseprocess()
} while (ps == running)
As we shall see latedj spl ay[ 0] is set ta ni t sp for all processes, and will not change, for all
processes are able to access the global variables of the main program. This is the most eff
means we have of sharing data between processes.

Two pointers are used to index the array of process descripiors.or un indicates the process
that has most recently beassigned to the processor, argr r ent indicates the process that is
currentlyrunning. Each iteration of the fetch-execute cycle begins by coprgt or un to

cur rent ; some operations will alter the valuenekt t or un to indicate that the real processor
should be assigned to a new process. In particular, once the concurrent processes begin e
next t or un Will no longer have the value of zero. The last part of the processing loop detect:
an indication that it may have to choose another process.

The algorithm fokchoosepr ocess makes use of the variakdei ce. This is set to a small randon
number at the start of concurrent processing, and thereafter is decremented after each
pseudo-machine instruction, or set to zero when a process is forced to wait, or terminates r
Whensl i ce reaches zero, the process descriptor ring is searched cyclically (usiiegtthe
pointer) so as to find a suitable process with which to continue for a further small (random)
of steps. Once found,cantext switch is performed - the current CPU registers must be savec
the process descriptor, and must then be replaced by the values apposite to the process th
to continue. The search and context switch are easily programmed:

voi d STKMC: : swapr egi st er s(voi d)

/1 Save current machine registers; restore fromnext process

{ process[current].bp cpu. bp; cpu. bp process[nexttorun]. bp
process[current].np cpu. np; cpu. np process[ nexttorun].np
process[current].sp cpu. sp; cpu. sp process[nexttorun].sp
process[current]. pc Cpu. pc; cpu. pc process[nexttorun]. pc

voi d STKMC: : chooseprocess(voi d)
/'l Fromcurrent process, traverse ring of descriptors to next ready process
{ if (slice !=0) { slice--; return; }

do { nexttorun = process[nexttorun].next; }

whil e (! process[nexttorun].ready)

if (nexttorun != current) swapregisters()

slice = random(naxslice) + 3

}

We are here presuming that we have a suitable library functiaton(1i m t) for generating a
sequence of random numbers, suitably scaled to lie in the targe andom < Linmit.

There is a point of some subtlety here. If the search is instigated by virtue of one process b
forced to wait on a semaphore or terminating normally, it musiafiother process to execute.
There may be no such process, in which case a state of deadlock can be detected. Howev
search is instigated simply by virtue of a process reaching the end of its allotted time slice,
control can legitimately return to the same process if no other ready process can be found.

The mechanism of theoBEG N ... COEND system is next to be discussed. As we have exten
the language, processes are syntactically indistinguishable from procedures, and the code
generation between tle®BEG N andCOEND very nearly, but not quite, generates a set of proce



calls. There is a fundamental difference, of course, in the way in which such procedure "cal
execute. After theoBed N, transfer of control must not pass immediately to the process
procedures, but must remain with the main parent program until all child processes can be
together - the reason being that parameters may have to be set up, and this will have to be
the environment of the parent.

For our stack machine, the code generated bydbeyi n routine (in our simple machine, the
CBG N sequence) is used by the kernel to decide on how to divide the remaining memory ug
the imminent processes. This is achieved by the following code in the emulator:

case STKMC chg:
if (menfcpu.pc] > 0) /] any processes?
{ partition = (cpu.sp - codelen) / men{cpu.pc]; // divide rest of menory
parentsp = cpu. sp; /1 for restoration by cnd

Lpu.pc++

br eak;
The necessity of remembering the current valugof sp will immediately become apparent aft
studying the interpretation of th&K A instruction which is executed in place of the rather sim
CAL L A SO as to set up a process. Essentially what has to be achieved is the setting up of
complete activation record and process descriptor for a procedure, but without transferring
to this:

case STKMC frk:
npr ocs++; /1 one nore process
/1 first initialize the shadow CPU registers and displ ay
process[ nprocs]. bp cpu. np; /| base pointer

= /
process[nprocs].np = cpu. np; /'l mark stack pointer
process[nprocs].sp = cpu.sp; /'l stack pointer
process[nprocs].pc = menfcpu. pc]; /] process entry point

process[nprocs].di splay[0] =

process[0].di splay[0]; /1 for global access
process[nprocs] . display[1l] = cpu.np; /1 for local access
/1 now initialize frame header
meni process[nprocs].bp - 2] =

process[ 0] . di splay[1]; /1 display copy
meni process[nprocs].bp - 3] = cpu. bp; /1 dynam c link
menf process[nprocs].bp - 4] = processreturn; /1 return address

/1 descriptor house keeping
process[ nprocs]. stackmax = cpu. np; /1l memory limits
process[nprocs].stackmn = cpu.np - partition

process[nprocs].ready = true; /] ready to run

process[ nprocs] . queue = 0; /'l clear senmaphore queue
process[nprocs].next = nprocs + 1; /1 link to next descriptor
Cpu.sp = cpu.np - partition; /'l bunmp parent sp bel ow

Cpu. pc++; /1 menmory reserved for process
br eak;

where the reader should note that:

® The return address for a process procedure is set to an artificial value (this might be z
any other "impossible” value would suffice). This can later be detected at procedure e
indication that the process is complete, and may be deactivated.

® The penultimate step involves resetting the stack pointer for the parent process so as
over the area in memory that is being reserved for the process workspace.

The mechanics afOEND are now easy: we merely deactivate the main program, close the de
ring, and choose one of the processes (at random) to continue execution. When all proces:
run to completion their workspaces can, of course, all be reclaimed. Provision for doing this
made when we saved the valuepii. sp as part of the action of tle8G N instruction; the saved
value is restored to the process descriptor for the main program as part of the interpretatior
CND instruction:



case STKMC cnd
if (nprocs > 0)
{ process[nprocs].next =1
nexttorun = randonm(nprocs) + 1
cpu.sp = parentsp

check for pathol ogi cal case
close ring of descriptors
choose first process at random
restore parent stack pointer

~——
~——

br eak;

Processes, like procedures, terminate when they encowreelirsstruction. The interpretation
requires slight modification from what we have seen previously, and may be understood wi
reference to the code below:

case STKMC ret:

process[current].display[nmenicpu.pc] - 1] = nenfcpu.bp - 2];
/'l restore display
cpu.sp = cpu.bp - nmenjcpu.pc + 1]; /'l discard stack frane
cpu.mp = nmenfcpu.bp - 5]; /'l restore mark pointer
cpu.pc = nenfcpu.bp - 4]; /1 get return address
cpu.bp = nenfcpu.bp - 3]; /'l reset base pointer
if (cpu.pc == processreturn) /1 kill a concurrent process
{ nprocs--; slice = 0; /1 force choice of new process
if (nprocs == 0) /1 nust reactivate nain program

{ nexttorun = 0; swapregisters(); }

el se /'l conplete this process only
{ chooseprocess(); /1l may fai
process[current].ready = fal se
if (current == nexttorun) ps = deadl ock
br eak;

Much of this is as before, except that we must check for the artificial return address mentiol
above. If this is detected, but uncompleted processes are known to exist, we reset the time
attempt to choose another process, switch context, deactivate the completed process, and
check for deadlock. On the other hand, when all processes have been completed, we simp
context switch back to the main programdcess[ 0] ).

The last point to be considered is that of implementing semaphore operations. This is a littl
The simplest semantic meaning for th¢ T andSI GNAL operations is probably

VI T(S) WHILE S < 0 DO (* nothing *) END, S:= S - 1;
SI GNAL( S) S:=S+1;

where, as we have remarked, the testing and incrementing must be be done as indivisible
operations. The interpreter allows easy implementation of this otherwise rather awkward pr
because the entire operation can be handled by one pseudo-openatibnr(@ Ginstruction).

However, the simple semantic interpretation above is probably never implemented, for it im
what is known as husy-wait operation, where a processor is tied up cycling around wasting
doing nothing. Implementations of semaphores prefer to deactivate the waiting process cor
possibly adding it to a queue of such processes, which may later be examined efficiently wl
signal operation gives the all-clear for a process to continue. Although the semasiti@sanfdo
not require a queue to be formed, we have chosen to employ one here.

Thewal T andsl GNAL primitives can then be implemented in several ways. For example,
WAl T( Semaphor e) can be realized with an algorithm like

| F Semaphore. Count > 0
THEN DEC( Semaphor e. Count )
ELSE set Slice to 0 and ChooseProcess
Process[Current]. Ready : = FALSE
add Process[Current] to Semaphore. Queue
Process[Current]. Queue := 0
END



provided that the matchirg GNAL( Senaphor e) is realized by an algorithm like

| F Semaphore. Queue is enpty
THEN | NC( Semaphor e. Count )
ELSE find which process should be Wken
Process[ Wken] . Ready : = TRUE
set start of Semaphore. Queue to point to Process[Wken]. Queue
END

The problem then arises of how to represent a semaphore variable. The first idea that migl
mind is to use something on the lines of a structure or record with two fields, but this would
awkward, as we should have to introduce further complications into the parser to treat varie
different sizes. We can retain simplicity by noting that we can use an integer to represent a
semaphore if we allow negative values to achase values and non-negative values to act as
Count values. With this idea we simply modify the interpreter to read

case STKMC wgt :

if (current == 0) ps = badsem
el se { cpu.sp++; wait(menfcpu.sp - 1]); }
br eak;

case STKMC si g:
if (current == 0) ps = badsem
el se { cpu.sp++; signal (menfcpu.sp - 1]); }
br eak;

with wai t andsi gnal as routines private to the interpreter, defined as follows:

voi d STKMC: : si gnal (STKMC_addr ess senmddr ess)

{ if (men{senmaddress] >= 0) /1l do we need to waken a process?
{ nen{senmaddress]++; return; } /1 no - sinply increnent senmaphore
STKMC _pr oci ndex woken = -nenisenmaddress]; // negate to find index
men| semaddr ess] = -process[woken]. queue; // bunp queue pointer

I
I

process[woken] . queue
process[ woken] . r eady

}

voi d STKMC: : wai t (STKMC_addr ess senaddr ess)

{ STKMC procindex |ast, now,
if (men{semaddress] > 0) /1 do we need to suspend?
{ nenisenaddress]--; return; } /1 no - sinply decrenent senaphore
slice = 0; chooseprocess(); /'l choose the next process
process[current].ready = fal se; /1 and suspend this one

remove from queue
and allow to be reactivated

true;

if (current == nexttorun) { ps = deadlock; return; }
now = -nenf semaddr ess] ; /1 1ook for end of semaphore queue
while (now !'= 0) { last = now, now = process[now.queue; }
if (men{semaddress] == 0)

men] semaddress] = -current; /1 first in queue
el se

process[l ast].queue = current; /1 place at end of existing queue
process[current].queue = O; /1 and mark as the new end of queue

}
There are, as always, some subtleties to draw to the reader’s attention:

® A check should be made to see thatT andsl GNAL are only attempted from within a
concurrent process. Because of the way in which we have extended the language, wi
processes being lexically indistinguishable from other procedures, this cannot readily
detected at compile-time, but has to be done at run-time. (See also Exercise 18.5.)

® Although the semantic definition above also seems to imply that the value of a semap
always increased bysa GNAL operation, we have chosen not to do this if a process is fo
waiting on that semaphore. This process, when awoken from its implied busy-wait loo
would simply decrement the semaphore anyway; there is no need to alter it twice.

® The semantics afl GNAL do not require that a process which is allowed to proceed actu
gain control of the processor immediately, and we have not implemgnfea in this way.



Exercises
18.6 Add concurrent processing facilities to Topsy on the lines of those described here.

18.7 Introduce a call to a random number generator as part of Clang or Topsy (as a possib
Factor), which will allow you to write simple simulation programs.

18.8 Ben-Ari (1982) and Burns and Davies (1993) make us@®sHEAT - FOREVER construct.
How easy is it to add this to our language? How useful is it on its own?

18.9 A multi-tasking system can easily devote a considerable part of its resources to proce:
switching and housekeeping. Try to identify potential sources of inefficiency in our system,
eradicate as many as possible.

18.10 One problem with running programs on this system is that in general the sequence o
interleaving the processes is unpredictable. While this makes for a useful simulation in mar
it can be awkward to debug programs which behave in this way, especially with respect to |
(where individual elements in a read or write list may be separated by elements from anoth
another process). It is easy to use a programmer-defined semaphore to prevent this; can y:
find a way of ensuring that process switching is suspended during I/O, perhaps requested t
compiler directive, such g3 $s-*) ?

18.11 Is it difficult to allow concurrent processes to be initiated from within procedures and/
other processes, rather than from the main program only? How does this relate to Exercise

18.12 Develop an emulation of a multiprocessor system. Rather than have only one proces
consider having an (emulated) processor for each process.

18.13 Remove the restriction on a fixed upper limit to the number of processes that can be
accommodated, by making use of process descriptors that are allocated dynamically.

18.14 Our round-robin scheduler attempts to be fair by allocating processor time to each re
process in rotation. Develop a version that is unfair, in that a process will only relinquish co
the processor when it is forced to wait on a semaphore, or when it completes execution. Is
behaviour typical of any real-time systems in practice?

18.15 As an extension to Exercise 18.14, implement a means whereby a process can volur
suspend its own action and allow another process of the same or higher priority to assume
the processor, perhaps by means of a rostiseeND.

18.16 Do you suppose that when a process is signalled it should be given immediate acces
processor? What are the implications of allowing or disallowing this strategy? How could it
implemented in our system?

18.17 Replace the kernel with one in which semaphores do not have an associated queue.
when asl GNAL( S) operation finds one or more processes waiting,@mply choose one of the:
processes at random to makedy again.

18.18 Our idea of simply letting a programmer treat a semaphore as though it were an integ



scarcely in the best traditions of strongly typed languages. How would you introduce a spec
semaphore type into Clang or Topsy (allow for arrays of semaphores), and how would you
programmers from tampering with them, while still allowing them to assign initial values to t
Count fields? You might like to consider other restrictions on the use of semaphores, such ¢
allowing initial assignment only within the parent process (main program), forbidding assigr
of negative values, and restricting the way in which they can be used as parameters to pro«
functions or processes (you will need to think very carefully about this).

18.19 In our system, if one process executesar operation, the whole system will wait for this
be completed. Can you think of a way in which you can prevent this, for example by checki
see whether a key has been pressed, or by making use of real-time interrupts? As a rather
challenging exercise, see if you can incorporate a mechanism into the interpreter to provide
so-calledasynchronous input.

18.20 The idea of simulating time-slicing by allowing processes to execute for a small rand:
number of steps has been found to be an excellent teaching tool (primarily because subtly
programs often show up faults very quickly, since the scheduler is essentially non-determin
However, real-time systems usually implement time-slicing by relying on interrupts from a
real-time clock to force context switches at regular intervals. A Modula-2 implementation of
interpreter can readily be modified to work in this way, by making use of coroutines and the
| OTRANSFER procedure. As a rather challenging exercise, implement such an interpreter. It i
inexpedient to implement true time-slicing - pseudo-code operations\dkands! G) should
remain indivisible. A suggested strategy to adopt is one where a real clock interrupt sets a
the repetitive fetch-execute cycle of the emulator can acknowledge; furthermore, it might be
advantageous to slow the real rate of interrupts down to compensate for the fact that an int
is far slower than a "real” computer would be.

Many kernels employ, not a ring of process descriptors, but one or more prioritized queues
these is theeady queue, whose nodes correspond to processes that are ready to execute. T
process at the front of this queue is activated; when a context switch occurs the descriptor
moved to another queue (when the process is forced to wait on a semaphore), is deallocatt
the process has finished executing), or is re- queued in the ready queue behind other proce
equal priority (if fair scheduling is employed on a round- robin basis). This is a method that
for the concept of processes to be assigned relative priorities rather more easily than if one
ring structure. It also gives rise to a host of possibilities for redesigning the kernel and the I

18.21 Develop a kernel in which the process descriptors for ready processes (all of the san
priority) are linked in a simple ready queue. When the active process is forced to wait on a
semaphore, transfer its descriptor to the appropriate semaphore queue; when the active pr
reaches the end of its time slice, transfer its descriptor to the end of the ready queue. Does
system have any advantages over the ring structure we have demonstrated in this section?

18.22 Extend the language and the implementation so that processes may be prioritized. W
context switch occurs, the scheduler always chooses the ready process with the highest pr
is, the one at the front of the queue) as the one to execute next. There are various ways in
process priority might be set or changed. For example:

® Develop a system where process priorities are determined at the time the processes ¢
spawned, and remain constant thereafter. This could be done by changing the syntax
COBEG N ... CCEND structure:

Cobegi nStatement = "COBEG N' ProcessCall { ";" ProcessCall } "COEND' .



ProcessCal |
Priority

Procldentifier Actual Paraneters [ Priority ] .
"[" Expression "]"

Take care to ensure that thepression is evaluated and stored in the correct context.

® Develop a system where processes may alter their priorities as they execute, say by ¢
a routineSETPRI ORI TY(Priority).

Pay particular attention to the way in which semaphore queues are manipulated. Should th
prioritized in the same way, or should they remain FIFO queues?

Further reading

Several texts provide descriptions of run-time mechanisms rather similar to the one discuss
this chapter.

In Ben-Ari’s influential bookPrinciples of Concurrent Programming (1982) may be found an
interpreter for a language based on Pascal-S (Wirth, 1981). This implementation has inspir
several others (including our own), and also formed the starting point for the Pascal-FC
implementation described by Burns and Davies in their excellent and comprehensive book
Burns and Davies also outline the implementation of the support for several other concurre
paradigms allowed by their language.

We should warn the reader that our treatment of concurrent programming, like that of so m
has been rather dangerously superficial. He or she might do well to consult one or more of
excellent texts which have appeared on this subject in recent years. Besides those just me!
we can recommend the books by Burns and Welling (1989), and Bustard, Elder and Welsh
and the survey paper by Andrews and Schneider (1983).
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Appendix A
Softwar e resour ces for this book

(This appendix is a considerably modified version of the one that appeared in the printed b
interest, the original one can be found in the file appa0.pdf.)

A.1 Sour ce code for the programs

The software that accompanies this text was originally developed in Modula-2. It was subse
converted to Turbo Pascal, and to C++. Although C++ code is used for most of the illustrati
the text, highly self-consistent source code in all three languages is to be found in this distri
along with language-specific implementation notes.

The C++ source code was mainly developed under MS-DOS using Borland C++ 3.1. It has
been successfully compiled under Linux, using G++, the GNU C compiler. Although many «
case studies have also been tested with Turbo C++ 3.1, there appears to be a bug in that c
that prevents the template set class from compiling correctly.

The Turbo Pascal source code was developed to run on any version of Turbo Pascal from
onwards (although Delphi users should read the notes on Delphi below). However, it make:
use of OOP extensions.

The Modula-2 source code should be immediately usable on MS-DOS based systems usin
shareware compiler marketed by Fitted Software Tools (FST), the Stony Brook Modula-2 c
marketed by Gogesch Micro Systems, Inc., or the TopSpeed Modula-2 compilers develope
Jensen and Partners International (JPI). Provided the appropriate version of the I/OFimaed e
is used, it should also compile unchanged on XDS and Stony Brook ISO-compliant compile
under Gardens Point Modula-2 on a wide range of systems.

The software in the distribution is currently supplied in the form of compressed, self-extract
MS-DOS executable files. There are eight of these files.

cocorc. exe 71 Kb M nimal Coco/R for C (Updat ed Novenber 1999)
cocorm exe 76 Kb M nimal Coco/R for Mdul a-2 (Updat ed Novenber 1999)
cocor p. exe 65 Kb M nimal Coco/R for Pascal (Updat ed Novenber 1999)
conmon. exe 93 Kb Files common to all |anguages (Updated Novermber 1999)
csour ces. exe 350 Kb C++ specific sources (Updat ed Novenber 1999)
nsour ces. exe 345 Kb Modul a-2 specific sources (Updat ed Novenber 1999)
psour ces. exe 312 Kb Pascal specific sources (Updat ed Novenber 1999)
fileio.exe 153 Kb Modul a-2 Fil el O nodul e (Updat ed Novenber 1999)
| ha213. exe 43 Kb LHArc deconpressor

readne. 1st 11 Kb Installation and setup instructions

A.2 Unpacking the software

To unpack the software, simply follow the steps below. Example MS-DOS commands are <
(these may need alteration, depending on the configuration of your computer). Windows us



follow an equivalent sequence of operations from within the File Manager or Explorer. The
may also be unpacked directly on other systems using appropriate pos of

® Make a backup copy of the software and keep the original in a safe place.

® Proceed to unpack (a) the language specific case studies (b) the language independe
the language specific compiler generator and, if you are a Modula-2 user, Kd)¢he
library.

Unpacking the case study software

® Create a directory to act as the root directory for storing your sources, for example
MKDI R C:\ SRCES

(C:\ SRCES is used as an example only - please yourself in this regard.)

® Log onto this as the working directory
CD C:\ SRCES

® Unpack the chosen source file to thé SRCES directory. For example, for the C++ source
execute

X: \ DOANLCOAD\ CSOURCES. EXE

whereX: \ DOWLQAD\ is the path to the directory in which the downloaded distribution
resides.

® You must also unpack the language independent files to the same directory by execut
X: \ DOANLOAD\ COMVON. EXE

These steps will create a small directory hierarchy undes: tr&RCES directory, in which
various subdirectories will appear, usually one for each chapter. For example, you will
the source code for the programs in chapter 10 in the direCtoSRCES\ CHAP10\ CPP (for
the C++ versions) or the directoty\ SRCES\ CHAP10\ MODULA (for the Modula-2 versions).

IMPORTANT

® Once you have unpacked the system, read the: filsRCES\ README. SRC for further details
on how the directories are laid out.

® You may unpack all three of the language specific sources into the same directory tre
wish - the C++, Modula-2 and Pascal sources are stored in separate directories undel
directory for each chapter.

® |f you are using Borland C++ you may need to edit the configuration file
C: \ SRCES\ COMMON\ TURBOC. CFGto reflect the correct paths and options for your compile

Unpacking the compiler generator Coco/R

® Create a directory to act as the root directory for your chosen version of Coco/R, for e

MKDI R C:\ COCO



® Log onto this as the working directory
CD C:\ COCO

® Unpack the chosen Coco/R system todhecoco directory. For example, for the C++
version, execute

X: \ DOWNL OAD\ COCORC. EXE

This will create a small directory hierarchy under¢hecoco directory, containing the
various components of Coco/R.

IMPORTANT

® Once you have unpacked the system, read the: fileoco READMVE. 1ST for further details o
how the directories are laid out, and how to complete the installation of Coco/R so tha
be executed easily.

@ |f you wish to install more than one version of Coco/R, please do so into separate dire
for examplec: \ cococ\ for the C++ versiong: \ cocom for the Modula-2 version,

C:\ cocor\ for the Pascal version.

® If you are using Borland C++ you may need to edit the configuration file

C: \ SRCES\ COMMON\ TURBOC. CFG to reflect the correct paths and options for your compile

A.3TheFilel O library (Modula-2 usersonly)

When this book was first published, standardized 1/0 for Modula-2 was not yet widely avail:
(and was incompatible with extant Modula-2 compilers). The Modula-2 source code in this

distribution attempts to get around this problem by providing (another!) I/O module, ridlked.
The definition module foFi | el Ois acceptable to all compilers tested so far; implementations
been supplied for each that differ internally only in a few places.

Fi | el Oprovides the usual services for opening and closing text files, and for reading and w
strings, words, whole numbers and line marks to such files. It can also handle random acce
files, as block read and write operations are provided. In addition there are some utility proc
for obtaining command line parameters and environment strings, and for the output of date
times. The module is of fairly widespread applicability beyond the confines of this text, and
compatible with the modules generated by Coco/R (which assumes the module to be availz
an example of a library module it is really rather too large, but has been developed in this w
minimize the number of non-portable sections and modules needed for implementing the p
in the book.

Modula-2 scanners, parsers, and compilers created by Coco/R assume that you will use th
moduleFi | el O. If you are a Modula-2 user, you will thus need to install and compile the ver:
Fi | el Othat matches your compiler.

Among the resources you will find a self-extracting fil& El 0. EXE that contains the sources of
Fi | el Ofor a variety of Modula-2 compilers.

® Make a directory to contain these sources

MKDI R C:\ FI LEI O



® Log onto this as the working directory
CD C\FILEIO

® Unpack therl LEI O EXE file to theC: \ FI LEI Odirectory
X: \ DOWNLOAD\ FI LEI O. EXE

This will create a small directory hierarchy underaheri LEI O directory, in which various
subdirectories will appear, one for each compiler.

In theC: \ FI LEI Odirectory you will find a definition modulel LEI O. DEF, and in the
subdirectories of: \ FI LEI 0you will find various compiler specific modules, including

FI LEI 0. MOD. You will need to proceed as follows, on the assumption that you have a
"working" directoryC: \ WORK in which you normally develop programs. (You may, of cot
find it preferable to instahi | el Oin the library directory or directories for your Modula-2
compiler.)

CD C \ WORK
COPY C:\FI LEI O FI LEI O DEF
COPY C:\ FI LEI O xxx

where xxx =
JPI (TopSpeed conpil ers)
FST (Fitted Systens Tools conpilers)
LOG (Logitech conpilers)
STO (StonyBrook conpilers)
GPMPC (Gardens Point PC conpil er)
etc

Follow this by compilingri LEI O. DEF andFI LEI O. MOD.

The sources supplied will act as models of implementations for compilers not mentioned ak
case of difficulty, please contact the author.

A.4 Setting up the softwarefor aparticular case study
Installation of many (but not all) of the case studies requires you simply to

® | og onto to the appropriate source drive and subdirectory, for example

C
CD C:\ SRCES\ CHAP15\ CPP

® [ssue the command
SETUP

with no parameters. This will indicate what parameters might be added to the commai
provide a variant appropriate for the case studies of that chapter.

® For example, follow this by obeyingsaTur command like
SETUP C:\WORK 5

whereC: \ WORK is a directory that will be created if necessary, and into which the appro



components fosETUP option 5 will be copied.

® | og onto the working directory
CD C\ WORK

® [ssue thevnkE command (C++), or equivalent Coco/R and compiler commands (Pasca
Modula-2) to compile the selected case study.

IMPORTANT

® The "makefiles" supplied are intended for use with Borland C++ release 3.1; they may
slight alteration. The configuration fif®URBOC. CFG may also need alteration.

® [t is crucial that you are logged onto an appropriate directory before you isSErthe
command. If this is not the case, you might execute somestha® command and becom
confused!

® Some of the simpler case studies - typically those consisting of only one source file - ¢
managed by 8ETUP process. Consult the fie \ SRCES\ README. SRC for further details.

The Turbo Pascal case studies, and the output from Coco/R for Pascal will not compile dire
under Delphi. They requing nCrt to be added to the list of units "used" (edit the compiler fra
files for Coco/R). Furthermore those systems (like the assemblers and compilers) that prov
interactive input/output in their interpreters require us& otrt . Assi gnCrt instead of the curre
calls toAssi gn with an empty filename (for example $SmKMC. PAS andMC. PAS).

A.5 Coco/R distributions

The compiler generator Coco/R used in this book was originally developed in Oberon by H:
Mdssenbdck, who also did a port to Modula-2 for the Apple MacMeth system. A further por
done to TopSpeed Modula-2 by Marc Brandis and Christof Brass. This was refined and ext
by the author in conjunction with John Gough and Hanspeter Mdssenbdck, to the point whe
single version runs on most Modula-2 compilers available under MS-DOS, as well as the V
and Gardens Point compilers available for Unix (and other) systems, including Linux and Fi
BSD.

A port of Coco/R to Turbo Pascal was done by the author in conjunction with VVolker Pohler

Coco/R was ported to C by Francisco Arzu, yielding a version that can generate either+C or
compilers.

Coco/R has also been also ported to Java by Hanspeter Mdssenbdck.

For details of how to obtain the latest versions of the complete Coco/R distributions for a ve
languages and operating systems visit the Coco/R home page at
http://cs.ru.ac.za/lhomes/cspt/cocor.htm

The original report on Coco/R (Mdssenbdck, 1990a) can be obtained from

ftp://ftp.ssw.uni-linz.ac.at/pub/Papers/Coco.Report.ps.Z
ftp://cs.ru.ac.za/pub/coco/Coco.Report.ps.Z



Professor Méssenbdck may be contacted at the address below

Prof. Hanspeter Mdssenbock

Institute of Computer Science

University of Linz

Alternbergerstr 69,

A-4040 Linz, Austria

Tel: +43-732-2468-9700
e-mail:moessenboeck@ssw.uni-linz.ac.at

A.6 Other compiler tools, free compilersand similar resour ces

The subject of compiler writing and the development of compilers is one of the classical fiel
Computer Science for which there are now many freely available resources. The interested
might do worse than to explore some of the following leads:

FAQ'’s, topics and archives from the Comp.Compilers news group
http://www.iecc.com/compilers

The German National Resource Centre catalogue of compiler construction tools
http://www.first.gmd.de/cogent/catalog

Idiom Consulting’s catalogue of free compilers
http://www.idiom.com/free-compilers

Compiler Connection
http://www.compilerconnection.com

Burks (Brighton University Resource Kit for Students)
http://burks.bton.ac.uk/burks

Dragon Fodder
http://www.km-cd.com/dragon_fodder

Jack Crenshaw’s "Let’s build a compiler”
http://www.iecc.com/compilers/crenshaw/

The PCCTS compiler construction kit mentioned in Chapter 10 is available from
http://mww.ANTLR.org/pccts133.html

Freely available early versions of the Cocktail compiler construction tools mentioned in Che
may be obtained by anonymous ftp from

ftp://ftp.ira.uka.de/pub/programming/cocktail
ftp://144ftp.info.uni-karlsruhe.de/pub/cocktail

For the commercial version and support visip://www.first.gmd.de/cocktailér contactlosef
Grosch

nt ¢, the Modula-2 to C translator program mentioned in Chapter 2 is available by anonymo



from

ftp://ftp.psg.com:/pub/modula-2/grosch/mtc.tar.Z
ftp://ftp.gmd.de/gmd/cocktail/mtc.tar.Z

p2c, the Pascal to C translator program mentioned in Chapter 2paind the perfect hash
function generator mentioned in Chapter 14, are available by anonymous ftp from any of th
that mirror the Free Software Foundation GNU archives. The primary server for these archi
ftp://prep.ai.mit.eduAmong many others, the Linux sites, such as thofip:Atsx-11.mit.edwr
ftp://sunsite.unc.edandftp://src.doc.ic.ac.ulalso carry copies of the GNU archives.

Also to be found among these archivegcis, the well-known GNU C compiler, which can also
found atftp://gcc.gnu.orgor at one of mangnirror sites

As another example of a freely available C compilet,is a retargetable compiler for ANSI C
described in "A Retargetable C Compiler: Design and Implementation” by Fraser, Hanson ¢
Hansen (Benjamin/Cummings, 1996¢c is available, along with documentation and a sample
chapter of the book at

http://www.CS.Princeton.EDU/software/lcc/
Versions of the Gardens Point Modula-2 compiler for DOS, Linux and FreeBSD are availab

ftp://ftp.fit.qut.edu.au/pub/gpm_modula2
ftp://ftp.psg.com/pub/modula-2/gpm

Versions of the Mocka Modula-2 compiler for Linux and FreeBSD are available from
http://www.first.gmd.de/mocka/
The shareware FST Modula-2 compiler for MS-DOS systems is available by anonymous ftj

ftp://ftp.psg.com/pub/modula-2/fst/fst-40s.1zh
ftp://cs.ru.ac.za/pub/languages/fst-40s.1zh

The self-extracting files in this distribution were compressed and packed using the freely a\
programLHA. EXE developed by Haruyasu Yoshizaki. In terms of the distribution agreement t
program, the complete package for LHA.EKHtself supplied as a self-extracting executable,
LHA213.EXE You are quite welcome to unpack this file, although it is not needed for the
operations described above.

Further to comply with the distribution agreement, the copyright notice for this package is g
below

4. Qur distribution Policy
This software, this docunent and LHA EXE, is a copyright-reserved free
program You nmay use, copy and distribute this software free of charge
under the followi ng conditions.

1. Never change Copyright statenent.

2. The encl osed docunents nust be distributed with as a package.



3. Wien you have changed the program or inplenented the program for other
CS or environnment, then you nust specify the part you have changed. Also
make a clear statenment as to your nane and MAIL address or phone nunber

4. The author is not liable for any damage on your side caused by the use of
this program

5. The author has no duty to renmedy for the deficiencies of the program

6. Wien you are to distribute this software with publications or with your
product, you have to print the copyright statenent sonewhere on the disk
or on the package. You cannot distribute this software with
copypr ot ected products.

Disclaimer

While every attempt has been made to ensure that the software in this distribution performs
properly, the author can accept no liability for any damage or loss, including special, incidel
consequential, caused by the use of the software, directly or indirectly.

However, please bring any problems that you may experience to the attention of the author
Pat Terry
Computer Science Department
Rhodes University
GRAHAMSTOWN 6140
South Africa
Tel: +27-46-622-8292
FAX: +27-46-636-1915

e-mail:cspt@cs.ru.ac.za
e-mail:p.terry@ru.ac.za

Trademarks

Products and services that are referred to in this book may be either trademarks and/or reg
trademarks of their respective owners. The author makes no claim to these trademarks.

Borland C++, Turbo C++, Delphi and Turbo Pascal are trademarks of Borland International
Corporation.

GNU C Compiler is a trademark of the Free Software Foundation.
IBM and IBM PC are trademarks of International Business Machines Corporation.

Microsoft, MS and MS-DOS are registered trademarks, and Windows is a trademark of Mic
Corporation.

Stony Brook Software and QuickMod are trademarks of Gogesch Micro Systems, Inc.
TopSpeed is a registered trademark of Jensen and Partners, International.

Any other trademarks inadvertently used here are also duly acknowledged.
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Appendix B
Sour ce code for the Clang compiler/interpreter

This appendix gives the complete source code for a hand-crafted compiler for the Clang lar
as developed by the end of Chapter 18.

cln.cpp| misc.h| set.h| srce.h| srce.cpd report.h| report.cpp scan.h scan.cpgd parser.h
parser.cpptable.h| table.cpp cgen.h| cgen.cpfd stkmc.h| stkmc.cpp

[/ Cang Conpiler/Interpreter
/1 P.D. Terry, Rhodes University, 1996

#i ncl ude "m sc. h"
#i ncl ude "srce. h"
#i ncl ude "scan. h"
#i ncl ude "parser.h"
#i ncl ude "table. h"
#i ncl ude "report.h"
#i ncl ude "stknt. h"
#i ncl ude "cgen. h"

#defi ne usage "USAGE: CLN source [listing]\n"
static char SourceName[ 256], ListNanme[256], CodeNane[ 256];

TABLE *Tabl e;
CGEN  *CCen;
STKMC *Machi ne;
REPCORT *Report;

cl asgI clangReport : public REPORT {
public:
cl angRepor t (SRCE *S) { Srce = S; }
virtual void error(int errorcode)
~ { Srce->reporterror(errorcode); errors = true; }
private:
) SRCE *Srce;

cl asgI cl angSource : public SRCE {
public:
cl angSour ce(char *snane, char *| name, char *ver, bool 1w
. SRCE(snare, |name, ver, lw {};
virtual void startneV\Alne() { fprlntf(lst "0d : ", CGen->gettop()); }

voi d mai n(| nt argc, char *argv[])
{ char reply;
int codel ength, initsp;

/[ check on correct paraneter usage

if (argc == 1) { printf usage) exit(1l); }
strcpy(SourceNane, argv[1]);

if (argc > 2) strcpyELl st Nane, argv[ ;
el se appendext ensi on( Sour ceNane st", ListNane);

cl angSource *Source = new cl angSour ce( Sour ceName, ListNane, STKMC version, true);

Report = new cl angReport ( Sour ce);

CCen = new CGEN( Report);

SCAN *Scanner = new SCAN( Source, Report);

Tabl e = new TABLE( Report);

PARSER *Par ser = new PARSER(CGen, Scanner, Table, Source, Report);
Machi ne = new STKMZX();

Par ser - >par seE)
CCen- >get si ze(codel ength, initsp);

appendext ensi on( Sour ceNane, ".cod", CodeNane);



Machi ne- >l i st code( CodeNane, codel ength);

if (Report >anyerrors())
printf(" Oorrp?/ lation failed\n");

el se
{ printf("Conpilation successful\n");
while (true

{ printf("\nlnterpret? (y/n) ");
do

1= "N && toupper(reply) '="Y");

1 f (tougg)e == N) br eak;
scanf( N n] etchar();
) Machi ne- >| nt erpret codel ength, initsp);

del et e Source;
del et e Scanner;
del ete Parser;
del ete Tabl e;
del et e Report;
del ete CGen;
del et e Machi ne;

/! Various comon itens

#i fndef M SC H
#define M SC_H

#i ncl ude <stdio. h>
#i ncl ude <stdlib. h>
#i ncl ude <string. h>
#i ncl ude <stdarg. h>
#i ncl ude <ctype. h>
#include <limts. h>

#define bool ean
#define bool
#define true
#define false
#define TRUE
#define FALSE
#define maxint I NT_MAX

#i f _l\/BD(B_LI MSDOS || WN32 || __WN32
# define Dpathsep '\\’

#el se

# define pathsep '/’

#endi f

535
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stat ic void aPpendextenS| on (char *oldstr, char *ext, char *newstr)
/1 nges filename in ol dstr from PR MARY. xxX to PRI MARY.ext in newstr

{i
oId 256]
py(old, oldstr)
strlen(old);
e ((| > 0) &&(old[l- 1 '=".") &&(old[l-l] = pathsep)) i--;
(i >0 &&(old[l-l] ="'.")) old[j 0;
ext[ 0] ) sprlntf(newstr %s/os”, oId ext);
se spri ntf(newstr "9%. %", ol d, ext);

#endif /* MSC H */

/'l sinple set operations )
/!l Thanks to E.P. Wentworth for useful ideas!

#i fndef SET_H
#define SET_H

tenpl ate <int maxEl en>

class Set { /1 { 0 .. maxEl em}
public:
Set () /1 Construct { }

{ clear(); }



Set (int el) /1 Construct { el }
{ clear(); incl(el); }

Set(int el, int e2

; /1l Construct { el, e2}
{ clear(); incl(el); incl(e2); }

Set(int el, int e2, int e3) Il Construct { el, e2, e3}
{ clear(); incl(el); incl(e2); incl(e3);
Set(int n, int el[]) /1l Construct { e[0] .. e[n-1] }
{ clear(); for (int'i =0; i <n; i++) incl(el[i]); }
void incl(int e) /1 1nclude e
{if (e >0 & e <= maxElen) bits[wd(e)] |= bitmask(e); }
voi d excl (int e) /1 Exclude e

if (e >0 &% e <= maxElem) bits[wd(e)] & ~bitmask(e); }
int menb(int e) /1 Test nmenbership for e

{if (e >0 & e <= nmaxElen) return((bits[wd(e)] & bitmask(e)) != 0);
el se return O;

int isenpty(void) /1 Test for enpty set
{ for (int i =0; i <length; i++) if (bits[i]) return O;
return 1;

Set operator + (const Set &s) /1 Union with s

{ Set<maxEl ene r;
for (int i =0; i <length; i++) r.bits[i] = bits[i] | s.bits[i];
return r;

Set operator * (const Set &s) /1 Intersection with s

{ Set<maxElenr r;
for (int i =0; i <length; i++) r.bits[i] = bits[i] & s.bits[i];
return r;

Set operator - (const Set &s) /!l Difference with s

{ Set<maxEl env r;
for (int i =0; i <length; i++) r.bits[i] = bits[i] & ~s.bits[i];
return r;

Set operator / (const Set &s) /1 Symretric difference with s
{ Set<maxElenr r;

for (int i =0; i <length; i++) r.bits[i] = bits[i] ”~ s.bits[i];
return r;
private:

unsi gned char bits[(nmaxElem+ 8) / 8];

int | engt h;

int wd(int i) return(i / 8); }

int bitmask(int i) return(l << (I %8)); }

voi d clear() Iength = (maxEl em + 8) ! 8;

for (int i =0; i <length; i++) bits[i] = 0;
H }

#endi f /* SET_H */

/1 Source handl er for various parsers/conpilers
/1 P.D. Terry, Rhodes University, 1996

#i f ndef SRCE_H
#define SRCE_H

#i ncl ude "m sc. h"

const int linemax = 129; // limt on source line length
cl ass SRCE {
public: )
FI LE *I| st; /1 listing file
char ch; /1 latest character read



voi d nextch(void); ]
// Returns ch as the next character on this source |line, reading a new
/1 1ine where necessary. ch is returned as NUL if src is exhausted.

bool endline(void i return (charpos == Iinelenﬂth);
/!l Returns true en end of current |ine has been reache

void |istingon(void) { listing = true; }
/'l Requests source to be listed as it is read

voi d |istingoff(void) f listing = fal se; }
/! Requests source not to be listed as it is read

void reporterror(int errorcode);
/1 Points out error identified by errorcode with suitable nessage

virtual void startnewline() {;}
/1 called at start of each line

int getline(void) ) { return linenunber; }
/1 returns current |ine nunber

SRCE( char *sourcenane, char *listnane, char *version, bool |istwanted);
/1 Qpen src and I'st files using gi ven nanes.

/Il Resets internal state in readiness for startln? to scan.

/1 Notes whether |istwanted. Displays version information on Ist file

~SRCE() ;
/1 close src and Ist files

private:
FI LE *src; Source file
int |inenunber; Current |ine nunber
i nt charpos; Char acter pointer

int mnerrpos;

i nt Ilnelength

char Ilne[llnenax + 1],
bool listing;

Last error position

Line length

Last line read

true if listing required

~ e —
—~—— i — —

}s
#endi f /*SRCE_H*/

----- ST CE. CPP == == === == === m s m e aooaooooa-oo--

/1 Source handl er for various parsers/conpllers
/1 P.D. Terry, Rhodes University,

#i ncl ude "srce. h"
v0|d SRCE: : next ch(voi d)

{if Ech == "'\0") return; /1 input exhausted
if (charpos == linel ength) /'l new |ine needed
{ linelength = 0; charpos = 0; minerrpos = 0; |inenunber++
startnew ine();
do
{ ch = getc(src);
if $c l="\n’ &&'fed(src)
{i gll sting) ﬁUt c(c | st
) if (linelengt |nenax) { line[linelength] = ch; linelength++; }
while (!I(ch =="\n’ || feof(src)));
?f listing) utc( \n’' t);
if (feof(src ?
IIine[IineIength] ='\0"; /1 mark end with a nul character
el se
line[linelength] =" ’; /1 mark end with an explicit space
) I'i nel engt h++;
) ch = line[charpos]; charpos++;, // pass back uni que character
/1l reporterror has been coded |ike this (rather than use a static array of
[/ strings initialized by the array declarator) to allow for easy extension
/1 in exercises
void S :reporterror(int errorcode)
{if (charpos > n1nerrpos) /] suppress cascadi ng nessages
{ startnew ine(); rintf(lst, "%c", charpos, ""');
switch (errorco ef
{ case 1: fprintf(lst, "Inconplete string\n" L br eak;
case 2: fprintf Ist, ": ected\n"); brea
case 3: fprintf(lst, "Inva idstart to block\n") br eak



case 4 fprintf , "Invalid declaration sequence\n"); break;
case 5: fprintf , "Invalid procedure header\n"); break
case 6: fprintf , "ldentifier expected\n"); br eak;

case 7: fprintf yoni = in wong context\n" br eak;

case 8: fprintf , Nunber expected\n ); break;

case 9: fprintf "

= expected\n” ; br eak;
] expect ed\ n" breah
, or ) expecte '); break;

case 10: fprintf a\
"Inval1d factor\n"); bre
to

case 13: fprintf
case 14: fprintf
case 15: fprintf
case 17: fprintf
case 18: fprintf
case 19: fprintf
case 20: foprintf
case 21: fprintf
case 23: fprintf
case 24: fprintf
case 25: fprintf
case 31: fprintf
case 32: fprintf
case 34: fprintf
case 35: fprintf
case 36: fprintf
case 37: fprintf
case 38: fprintf

ak;
"I'nvalid start st at ement\ n" ); break;
") expected\n" g br eak;
"( expected\n"); break;
"Relatlonal oper at or expected\n") br eak;
" Operat or ex ected\n ); break;
"= expected\n ); br eak
" THEN expected\n ); break;
"END expected\n ); break;
" DO expected\n"); breah
or ; expected\n"); break;
"Invalld synbol after a statenent\n") br eak
"BEG N expected\n"); break;
"Invalid synmbol after block\n"); br eak;
" PROGRAM expect ed\ n"); break
. expected\n"); break
" CCEND expected\n"); break;

case 200: fprintf "Constant out of range\n"); break;
case 201: fprintf "ldentifier redeclared\n"); break;
case 202: fprintf "Undecl ared identifier\n"); break;
case 203: fprintf "Unexpect ed paraneters\n"); break;

case 204: fprintf
case 205: fprintf
case 206: fprintf
case 207: fprintf
case 208: fprintf
case 209: fprintf
case 210: fprintf
case 211: fprintf
case 212: fprintf
case 213: fprintf
case 214: fprintf
case 215: fprintf
case 216: fprintf
case 217: fprintf
case 218: fprintf
case 219: fprintf
case 220: fprintf
case 221: fprintf
case 222: fprintf
case 223: fprintf
case 224: fprintf
de;ault f(l Conpi | \n"); f (" Conpi | \n");

rint st, " iler error\n' rint npiler error\n’

iP (Ist I'= stdou?? fclose(lst); eth(l)

"Unexpect ed subscript\n"); break;

"Subscript requiredin”), break
"Invalld cl ass of |dent|f|er\n") br eak;
"Variabl e expected\n"); break;

"Too many fornal paranEters\n ; break

VVonP nunber of paraneters\n . break
"I'nvalid assignment\n"); break;
"Cannot read this ty e of varlable\n"); br eak;
"Programtoo | ong\n” br eak

"Too deeply nested\n" ): break;

"Invalid parameter\n"), break;

"COBEA N only allowed In nmain Progran\n br eak;
“Too many concurrent processes ); break;
"Only gl obal ﬁrocedure call's all owed hereln” ); break;
"Type m smat ¢ ); break;

" Unexpect ed expreSS|on\n L break

"M ssi ng expression\n") rea

" Bool ean expression reqU|red\n ); break;

"I nval i d expression\n" ;; br eak;
"Index out of range\n br eak;

"Division by zero\n"); break;

NunLLLOLOOLOLLLOOOOLLLOLOOOOLOLOLLOLOLOOOOLOOLLOLOLOOHOOLOLOLLOLLOLOOOLOLLLOLOOOOLOLOOnOn
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m nerrpos = charpos + 1;

SRCE: : ~SRCE()

if ésrc 1= NULL) { fcloseésrcg; src = NULL; 1
if (Ist !'= stdout) fclose(lst); Ist = NULL;
SRCE: : SRCE(char *sourcenamnme, char *listnane, char *version, bool |istwanted)

{ src = fopen(sourcenanE " ')
i f (src == NULL) { prlptf( Coul d not open input file\n"); exit(1l); }

Ist = fopen(llstnane w');
if (lIst == NULL) { prlntf( Coul d not open listing file\n"); Ist = stdout; }
Iistlng = |istwant ed;
if (Ilstlng) fprlntf( , "o%\n\n", version);
) charpos = 0; linelength = 0; linenunber = 0; ch =" ";
----- [R=T o o] G A ¢ B e e e T

/1 Handl e reportln of errors when parsing or conpiling C ang prograns
/1 P.D. Terry, Rhodes University, 1996

#i f ndef REPORT_H
#defi ne REPORT_H

#i nclude "m sc. h"



cl ass REPORT {
public:
REPORT () { errors = false; }
/1 Initialize error reporter

virtual void error(int errorcode);
/1 Reports on error designated by suitable errorcode nunber

bool anyerrors(void) { return errors;
/! Returns true if any errors have been reported

pr ot ect ed:
bool errors;

#endi f /* REPORT_H*/

----- FEPOIt . CPP === - == - = m o mm o m o m oo

/1 Handl e reportln of errors when parsing or conpiling C ang progranms
/1 P.D. Terry, Rhodes University, 1996

#i ncl ude "report. h"

voi d REPORT: : error(lnt errorcode; )
{ printf(" Error %\ n", errorcode errors = true; exit(l); }

/1 Lexical analyzer for dang parsers/corrpl lers
/1 P.D. Terry, Rhodes University,

#i f ndef SCAN_H
#define SCAN H

#include "m sc.h"
#i ncl ude "report.h"
#include "srce. h"

const int lexlength = 128;
t ypedef char | exeme[l exl ength + 1];

const int alfalength = 10;
t ypedef char aIfaFaIfaI ength + 1];

enum SCAN _synt ypes {
SCAN_unknown, SCAN becones, SCAN | bracket, SCAN tines, SCAN sl ash, SCAN pl us,
SCAN i nus, SCAN | eql sym SCAN negsym SCAN | | sssym SCAN | eqsym SCAN gtrsym
SCAN_ ?eqsym SCAN thensym SCAN_dosym SCAN_rbracket, SCAN_rparen, SCAN_conmm,
SCAN T paren, SCAN nunber, SCAN stringsym SCAN identifier, SCAN coendsym
SCAN_ endsym SCAN i fsym SCAN whi | esym SCAN_stacksym SCAN readsym
SCAN_wr i tes?/m SCAN returnsym SCAN cobegsym SCAN waitsym ~ SCAN_ SI gnal sym
SCAN seni co SCAN _begi nsym SCAN _constsym SCAN varsym SCAN_procsym
SCAN_f uncsym SCAN | peri od, SCAN progsym SCAN eof sym

s
struct SCAN_synbols {

SCAN_synt ypes sym /1 symbol type
int num /1 val ue
| exemre name; /] | exenme
cl ass SCAN {
publi

voi d get syn( SCAN_synbol s &SYM) ;
/1 Cbtains the next synbol in the source text

SCAN( SRCE *S, REPORT *R);
/!l Initializes scanner

prot ect ed:

REPORT * Report; /1 Associated error reporter
SRCE *Srce; /1 Associated source handl er
static struct keyword {

alfa resword,

SCAN_s rnypes ressym
} tabl e[i/ /1 Look up table words/synbols
i nt keywords /1 Actual nunber of them
SCAN_synt ypes singl esyni256]; // One character synbols



#endi f /*SCAN_H¢/

----- SCAN. CPP === = === === m i m e oo

/1 Lexical analyzer for C ang parsers/conpilers
/1 P.D. Terry, Rhodes University, 1996

#i ncl ude "scan. h"
SCAN: : keyword SCAN: :table[] = { [// this nust be in al phabetic order

"BEG N', SCAN_be Insym},
" COBEQ N, SCAN_cobegsym },
" CCEND", SCAN_coendsym },
" CONST", SCAN_constsym },
"DO', SCAN _dosym
"END", SCAN_endsym }
" FUNCTI ON', SCAN_f uncsym }
"l F, CAN_i fsym },
" PROCEDURE" , SCAN | procsym
" PROGRAM', SCAN pr ogsym
" READ", SCAN_r eadsym
"RETURN", SCAN r et ur nsym 1
"SI GNAL", SCAN si gnal sym
STACKDUI\/P SCAN st acksym },
"THEN", SCAN_t hensym },
"VAR', SCAN varsym },
"VAI T, SCAN wai t sym }
"VWHI LE", SCAN_whi | esym
"VRI TE", SCAN Wi t esym

}s

void SCAN: : getsyn{ SCAN_synbol s &SYM

{ int | engt [ index into SYM Nane
int digit; /1 value of digit character
int I, r, |ook; [/ for binary search
bool overfl ow, // in nuneric conversion
bool endstring; /1 in string analysis

while (Srce- >ch =="'") Srce- >nextch() /1 lgnore spaces bet ween t okens

SYM nane[O] Srce >ch; SYM nan*E[ 1} ='\0; SYMnum = 0; length = 0;

SYM sym = si ngI esy Srce- >ch] ; 1T Initial assunpti on

if (isalpha(Srce->ch)) /1 ldentifier or reserved word

{ while (isalnun(Srce->ch
i

{ if (length < |exlengt 3 { SYM nane[l ength] = toupper(Srce->ch); |ength++;
) Srce->nextch();
SYM narre[length] ='\0"; /1 Terminate string properly
I =0; r = keywords - 1;
do /1 Binary search
{ look = (I +r) /
if EstrcnpéSYMname t abl e[ | ook .resword; <= Og r = look - 1;
if (strcmp(SYM nane, table[look].resword) >= 0) | = look 1;
} while (I <=71);
if (r-1> r)
SYM sym = tabl e[| ook] . ressym
el se
SYM sym = SCAN_i dentifier;
else if (isdigit(Srce->ch)) /1 Numeric literal

{ SYM sym = SCAN_nunber;

overflow = fal se;

wm le (i Sdl gi t(Srce >ch))

{ digit = Srce->ch -
/| Check i nm nent overfl ow
if (SYMnum<= (maxint - digit) / 10)

SYM num = SYM num * 10 + digit;

el se
~overflow =
if (length < IexI engt h) { SYM nane[l ength] = toupper(Srce->ch); |ength++;
Srce->nextch();

:jf (overfl ow) Report >err0r(200)

SYM nan®e[ | engt h] \ O’ 71 Terminate stri ng properly
el se SWItCh (Srce->ch)
case '’
Srce- >nextch()
if (Srce->ch = =)
5 SYM sym = SCAN becomes; strcpy(SYM nane, ":="); Srce->nextch(); }
/ else SYM sym := SCAN_ unknown SYM nane := ":"

br eak;



case '<':
Srce- >nextch()
if (Srce->ch ?
{ SYM sym = SOAN eqsym strcpy(SYM nanme, "<="); Srce->nextch(); }
else if (Srce->ch ==

{ SYM sym = SCAN neqsym strcpy(SYM name "<>"); Srce->nextch(); }
/1 else SYMsym := SCAN_| sssym SYM n =<
br eak;
case '>':
Srce- >nextch()
if (Srce->ch =
5 SYM sym = SCAN geqsym strcpy(SYM nane, ">="); Srce->nextch(); }
/| else SYMsym:= SCAN gtrsym SYMnane := ">"
br eak;
case '\’ ’: [l String literal

Srce->nextch();
SYM sym = SCAN stri ngsym
endstring = false;
do
{ if (Srce->ch == "\"") )
{ Srce->nextch(); endstring = (Srce->ch !="\""); }
1f %'endstrlng)
(length < I exlength) { SYM name[l ength] = Srce->ch; |ength++; }
Srce->nextch();

{ i
} \}l\ln e (!(endstring || Srce->endline()));

1f (lendstri ng?1 Report - >error5
SYM nane[l ength] = "\0’ I’ Terminate string properly
br eak;

case '\0:

SYM sym = SCAN_eof sym br eak;

defaul t:
/1 inplenentation defined synmbols - SYM sym : = singlesyni Srce->ch]
} Srce->nextch(); break;
}

SCAN: : SCAN( SRCE *S, REPORT *R)
{ Srce = S; Report = R,
/1 Define oneochar synbol s

for (int i = 0; i <= 255; i++) si ngl esynfi] = SCAN_unknown;
singlesynf’+ ] = SCAN pl us; si ngl esy - = SCAN_nmi nus;
singlesyn’*'] = SCAN_tines; singlesyn{' /'] = SCAN sl ash;

si ngl esyn{’ E = SCAN_| par en; si ngl esy } = SCAN r par en;
singlesyn]'['] = SCAN_I racket; si ngl esyn]’]’'] = SCAN_rbracket;
singlesyn]’'="] = SCAN _eql sym singlesyn]’;’] = SCAN_seni col on;
singlesyn{’,’] = SCAN _comg; SI ngl esyn]’ .’ ] = SCAN peri od;
singlesyn]’ <] = SCAN_I sssym inglesyn'>"] = SCAN gtrsym
keywords = sizeof (table) /  si zeof(keyword)

Srce- >nextch();

----- Parser. h -----cm e e e i

[/l Parser for Clang source
/1 P.D. Terry, Rhodes University, 1996

#i f ndef PARSER_H
#defi ne PARSER_H

#i ncl ude "scan. h"
#i ncl ude "report.h"
#i ncl ude "table.h"
#i ncl ude "srce. h"
#i ncl ude "set.h"

#i ncl ude "cgen. h"

t ypedef Set <SCAN eof syn» synset;

cl asgI PARSER {
pu
PARSER( CGEN *C, SCAN *L, TABLE *T, SRCE *S, REPORT *R);
/1 Initializes parser

voi d parse(void);
/1 Parses and conpil es the source code



private:
synmset Rel OpSyns, FirstDeclaration, FirstBlock, FirstFactor,
Fi rst Expressi on, FirstStatenent, EnptySet;
SCAN_symbol s SYM
REPORT *Report;
SCAN *Scanner ;
TABLE *Tabl e;
SRCE *Sr ce;
CGEN *CGen;
bool debuggi ng;
int bl ocklevel;
TABLE i dcl asses bl ockcl ass;
voi d Get Sym(voi d);
voi d accept SCAN_st ypes expected, int errorcode);
voi d test(synset all owed, synset beacons, int errorcode);
CGEN _oper ators op( SCAN_syntypes s);
voi d OneConst (vol d);
voi d Const Decl arations(void);
voi d OneVar (i nt &f ranesize);
voi d VarDecl arations(int &franesize);
voi d OneFornal (TABLE entries &procentry, TABLE_ index &parindex);
voi d Formal Par amet ers( TABLE _entri es &procentry);
voi d ProcDecl arati on(synset foll owersg);
voi d Desi gnator (TABLE entries entry, synset followers, int errorcode);
voi d Ref erenceParaneter(void);
voi d OneActual (synset foll owers, TABLE entries procentry, int &actual);
voi d Actual Par anet ers$ TABLE entries procentry, synset followers);
void Variabl e(synset followers, int errorcode);
voi d Factor(synset followers);
voi d Tern(synset follower s? ;
voi d Expression(synset followers);
voi d Condition(synset followers);
voi d CompoundSt at ement (synset fol |l owers);
voi d Assignnent (synset followers, TABLE entries entry);
voi d ProcedureCall (synset followers, TABLE entries entry);
void | fStatement (synset followers);
voi d Wil eSt at enent (synset foll owers);
voi d ReturnStatement (synmset followers);
void WiteEl ement (synset followers);
void WiteStatenent (synset followers);
voi d ReadSt at enent (synset fol | owers);
voi d ProcessCal | (synset followers, 1 nt &rocesses);
voi d Cobegi nSt at ement (synset fol | oners);
voi d Senmaphor eSt at enent (synset fol |l owers);
voi d Statement(synset followers);
voi d Bl ock(synset followers, int blklevel, TABLE idclasses bl kcl ass,
int initialfranesize);
) voi d C angProgran(voi d);

#endi f /* PARSER_H*/

----- Par SEr . CPP === == == == mm e m s m e eaoooaooo-n

/1 Parser for Clang level 4 - incorporates error recovery and code generation
/1 Includes procedures, functions, paraneters, arrays, concurrency.

/1 Display nachine.

/1 P.D. Terry, Rhodes University, 1996

#i nclude "m sc. h"
#i ncl ude "parser.h"
#i ncl ude "report.h"
#i ncl ude "table. h"
#i ncl ude "scan. h"
#i ncl ude "srce. h"
#include "set.h"

static int relopsyms [] = {SCAN eql sym SCAN neqsym SCAN gtrsym
SCAN _geqsym SCAN_| sssym SCAN_Peqsyn‘};

static int firstDeclaration [] = {SCAN constsym SCAN varsym SCAN procsym
SCAN_funcsynt;

static int firstBlock [] = {SCAN constsym SCAN varsym SCAN procsym
SCAN_f uncsym SCAN begi nsyni ;

static int firstFactor [] = {SCAN_identifier, SCAN _number, SCAN_| paren,
SCAN st ringsynt;

static int firstExpression [] = {SCAN_identifier, SCAN number, SCAN | paren,
SCAN pl us, SCAN_nmi nus};



static int firstStatement [] = {SCAN_identifier, SCAN begi nsym SCAN_ ifsym
SCAN_whi | esym SCAN r et urnsym

SCAN writesym SCAN readsym SCAN stacksym

SCAN_cobegsym SCAN wai t sym SCAN si gnal synt;
PARSER: : PARSER( CGEN *C, SCAN *L, TABLE *T, SRCE *S, REPORT *R)

Rel OpSyns(si zeof (rel opsyns)/si zeof (int), rel ops¥/ms),

Fi rstDecl aration(si zeof (firstDeclaration)/sizeof(int), firstDeclaration),
Fi rst Bl ock(si zeo §fi rstBl ock)/sizeof (int), firstBlock),

Fi rst Factor (si zeof (firstFactor)/sizeof(int), firstFactor),

Fi r st Expr essi on(si zeof#fi rst Expression)/sizeof (int), firstExpression),

Fi rst Statenent (si zeof (firstStatenent)/sizeof (int), firstStatenent),

Enpt ySet ()

{ CGn = C, Scanner = L; Report = R Table =T, Srce = S; }

voi d PARSER: : Get Syn{ voi d?
{ Scanner - >get syn( SYM ;

voi d PARSER: : accept (SCAN synt ypes expected, int errorcode)
{ if (SYMsym == expected) GetSyn(); else Report->error(errorcode); }

voi d PARSER: :test(synset allowed, synset beacons, int errorcode)
/1 Test whether current Symis Allowed, and recover if not
{ if (allowed. menrb(SYM synm)) return;
Report->error(errorcode);
synmset stopset = allowed + beacons;
ile (!stopset. menb(SYMsym)) GetSym();

CCEN_oper at ors PARSER: : op( SCAN_synt ypes s)
/1 Map symbol to correspondi ng code operator
{ switch (s)

{ case SCAN pl us: return CGEN opadd;
case SCAN mnus: return CGEN opsub;
case SCAN tinmes: return CGEN opmul;
case SCAN sl ash: return CGEN opdvd;
case SCAN eql sym return CGEN opeql;
case SCAN neqsym return CGEN opneq;
case SCAN gtrsym return CGEN opgtr;
case SCAN geqsym return CGEN_opPeq;
case SCAN [ sssym return CGEN oplss;

) case SCAN | eqsym return CGEN opl eq;

}

/] ++++++++++++++++++++++++ Decl aration Part +++++++++++++++++++H+++++++

voi d PARSER: : OneConst (voi d)
/1 _OneConst = Constldentifier "=" Nunmber ";"
{ TABLE entries constentry;
TABLE_i ndex consti ndex;
if (SYMsym!= SCAN_ identifier) { Report->error(6); return; }
sprintf(constentry.nane, "% *s", TABLE al fal ength, SYM nane);
constentry.idclass = TABLE consts;
Get &/MN?:
if $SY sym == SCAN becones || SYM sym == SCAN eql sym
{ IGe gS;T((M sym == SCAN _becones) Report->error(7);
tsynm);
if (SYMsym!= SCAN numnber)
I{ constentry.c.value = 0; Report->error(8); }
el se
{ constentry.c.value = SYM num GetSyn(); }

el se Report->error(9); )
Tabl e->enter (constentry, constindex);
accept (SCAN_semi col on, 2);

}

voi d PARSER: : Const Decl ar ati ons(voi d)

/1 ConstDeclarations = "CONST" OneConst { OneConst }
Get Sym() ;
OneConst () _ e
while (SYM sym == SCAN_i dentifier) OneConst();

}
voi d PARSER: : OneVar (i nt &f ranesi ze)
/1l OneVar = Varldentifier [ UpperBound ]
/1 UpperBound = "[" Nunber "]" .
{ TABLE entries varentry;
TABLE_i ndex vari ndex;
if (SYMsym!= SCAN identifier) { Report->error(6); return; }
varentry.idclass = TABLE vars;
varentry.v.size = 1,



Vo
/1

{

VO
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{
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vo
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{

}
Vo
/1
/1
/1
{

varentry.v. scal ar = true;

varentry.v.ref faI se;

varentry.v. offset = franesize + 1;

sprintf(varentry.nane, "% *s", TABLE alfal ength, SYM nane);
Get Syn();

i f SSYM sym == SCAN_| br acket)

{ Il arra declaratlon

Get Sym(

varentry V. scal ar = fal se,

if #SYM sym == SCAN identifier | ﬁ SYM sym == SCAN_nunber)

{ if (SYMsym == SCAN identifier
Report - >error(8)
el se
varentry.v.size = SYM num + 1;
Get Sym() ;
el se

Report->err0r(8?<;
) accept (SCAN_r br acket ;
Tabl e->enter(varentry, varindex);
franesi ze += varentry. v. si ze;

i d PARSER: : Var Decl arati ons(int &franesize)
Var Decl arations = "VAR' OneVar { "," Onevar } ";"

Get Sym() ;

OneVar ( fr anesi ze);

while (SYM sym == SCAN conma || SYM sym == SCAN_i dentifier)
accept ( SCAN_commm, 31) OneVar (framesi ze) ;

accept (SCAN_senicol on, 2);

i d PARSER: : OneFor nal (TABLE entri es &procent ry, TABLE index &pari ndex)

OneFormal := Parldentifier [ "[" "]" ]

TABLE_ entries parentry;

if (SYMsym!= SCANldentlfler) { Report->error(6); return; }
parentry.idclass = TABLE vars;

parentry.v.size = 1;

parentry.v.scal ar = true;

parentry.v.ref = fal se;

parentry.v. offset procentry p. paransi ze + CGEN_headersize + 1;

spri ntf(par entry.nane, "% *s", TABLE al fal ength, SYM nane);
Get Syn() ;
if (SYMsym = SCAN | bracket)
{ parentry.v. 5|ze = 2
parentry.v.scal ar fal se;
parentry.v.ref = true'
Cet Sy
accept SCAN rbracket, 10);

Tabl e->enter (parentry, parindex);
procentry. p. paransi ze += parentry V. si ze;
procentry. p. par ans++;

i d PARSER: : For mal Par anmet er s( TABLE entries &procentry)
For mal Paraneters = ="(" OneFormal { "," OneFormal } ")"
TABLE_i ndex p;

Get Sym() ;

OneFor nai (procent ry, procentry.p.firstparan;

while (SYM sym == SCAN_commma Y SYM sym == SCAN identifier)
{ accept ( SCAN_ corma 13) OneFor mal (procentry, p);

accept ( SCAN_r par en, 17)

i d PARSER: : ProcDecl ar atl ong D{Jm;et fol | owers)
ProcDecl aration = RE" Procldentifier | "FUNCTI ON'
Fornal Paraneters ] ";"
Bl ock ";" .
TABLE entries procentry;
TABLE_i ndex pI‘OCI ndex;
if (SYMsym == SCAN funcsyn)
procentry.i ch ass TABLE_f uncs;

el se
procentry.idclass = TABLE procs;
Get Syn();
i f (SYMsyml— SCAN |dent|f| er)
{I Report->error(6); *procentry.name = '\0"; }
el se

Funcl dentifier )

{ sprl ntf(procentry.name, "% *s", TABLE alfal ength, SYM nane);

Cet Sym() ;
}



procentry.p.paranms = 0;
procentry. p. paransi ze = 0;
procentry.p.firstparam= NULL;
CCGen- >st or el abel (procentry. p. entr p0|nt)
Tabl e- >ent er (procentry, procindex);
Tabl e- >0penscope()
if (SYMsym = SCAN | | paren)
{ FornalParaneters(procentry)
Tabl e- >updat e( procentry, procindex);

test (synset ( SCAN_ sen1co|on) foll owers, 5);

accept ( SCAN_seni col on, 2

Bl ock(synset (SCAN_sem co on) + followers, procentry.level + 1
procentry.idclass, procentry.p. paransize + CGEN_header si ze);

accept ( SCAN_sem col on, 2);

}

[l ++++++++++++++++++++++++ EXpressi ons and Desi gnat or S+++++++++++++++++++

voi d PARSER: : Desngnator(TABLE entries entry, synset followers, int errorcode)
/1 DeS|gnator = Varldentifier "[" Expression ";"
{ bool i1sVariable = (entry.idclass == TABLE vars
if (isVariable)
ICG‘en >st ackaddress(entry.level, entry.v.offset, entry.v.ref);
el se
Report->error(errorcode);

Get Syn();
if SSYleynl SCAN | bracket)
{/ subscrlpt
if (|sVar|abIe && entry.v.scal ar) Report->error(204);
Get Sym(
Exp FESSIOH(SYHBGI(SCAN rbracket) + followers);
if §|svar|ab
{ if (entry.v.ref)

lCEEn >st ackaddress(entry.level, entry.v.offset + 1, entry.v.ref);
el se

CCGen- >stackconstant(entry v.size);
CCen- >subscript();

}
accept (SCAN_r bracket, 10);

}
else if (isVariable & !entry.v.scalar) Report->error(205);

voi d PARSER: : Varlable(synset followers, int errorcode)
/'l Variable = VarDesignat or
/| Var Desi gnat or = Desi gnat or
{ TABLE entries entry;
bool found;
if (SYleynllz SCAN i dentifier) ort->error(6); return; }
Tabl e- >sear ch( SYM nane, entry, foun f
if (!found) Report- >err0r(202)
Desi gnator(entry, followers, errorcode)

}

voi d PARSER: : Ref er encePar anet er (voi d)
{ TABLE entries entry;
bool found;
if (SYleynll SCAN i dentifier)
Report->error(214);

el se
{ Tabl e->search(SYM nane, entry, found);
if (!found)
Report->error(202);
else if (entry. idclass != TABLE vars || entry.v.scalar)
IReport >error(214);
el se

{ CGen- >stackaddress§entry.level, entry.v.offset, entry.v.ref);
/1 now pass size of array as next paraneter
if (entry.v.ref)
lCEEn >st ackaddress(entry.level, entry.v.offset + 1, entry.v.ref);
el se
CCen- >st ackconstant (entry. v. si ze);

}GetSer();
) }

voi d PAﬁSER::CneActual(synset foll owers, TABLE entries procentry, int &actual)
act ual ++;
if (Table >i sref param(procentry, actual))
IReferenceParanEter()
el se



Expr essi on(synset (SCAN_comma, SOAN_rPar en) + followers); ] o
test (synset (SCAN _comma, SCAN rparen), followers - synset(SCAN identifier), 13);

voi d PARSER: : Act ual Par amet er s( TABLE_entries procentry, synset followers)

/1 Actual Paranmeters = [ "(" Expression { "," Expression "1 .
int actual = 0;
i f (SYM sym == SCAN_| par en)
{ GetSym();
OneActual (fol l owers, procentry, actual);
while ((SYM sym == SCAN conma) || FirstExpression. nenb(SYM syn))

{ accept (SCAN commm, 13); OneActual (followers, procentry, actual); }
accept (SCAN_rparen, 17);

if (actual !'= procentry.p.paranms) Report->error(209);

voi d PARSER: : Fact or (synset foll owers)
/1 Factor = Val Designator | Constldentifier Nurber
/1 | Funcldentifier Actual Paraneters "(" Expression ")"
/1 Val Desi ghat or = Desi gnat or
{ TABLE entries entry;
bool found;
test(FirstFactor, followers, 14);
switch (SYMsym
{ case SCAN identifier:
Tabl e- >sear ch( SYM nane, entry,
if (!found) Report->error(202);
switch (entry.idclass)
{ case TABLE_consts:
CCen- >st ackconstant (entry. c. val ue); GetSyn(); break;
case TAE%)E_funcs:
Get Sym() ;
CCen- >nar kst ack() ;
Act ual Par amet er s( ent r?/, foll oners);
CGen->call (entry.level, entry.p.entrypoint);
br eak;
defaul t:
Desi gnator(entry, followers, 206); CGen->dereference(); break;

found);

r eak;

case SCAN numnber:
CCGen- >st ackconst ant ( SYM num) ;

br eaki

case SCAN | paren:
Get Syn();

Expr essi bn(sym;et(SCAN rparen) + followers);
gcceEt(SCAN_r paren, 17);
reak;

case SCAN stringsym
Report->err0r?14);
Cet Slrr();
br eak;

def aul t:

Report->error(14);
br eak;

}
}
voi d PARSER: : Tern}symset fol l owers)

/1 Term = Factor ("*" | "/" ) Factor }
{ SCAN_syntypes opsym

Fact or (synmset (SCAN ti nes, SCAN sl ash) + foll owers?;
while (SYMsym== SCAN tinmes |[ SYM sym == SCAN sl ash || FirstFactor.menb(SYM synj)
{ if (SYMsym== SCAN tines || SYMsym == SCAN_ sl ash)

I{ opsym = SYM sym Get Sym(); }
el se
{ opsym = SCAN tines; Report->error(20); ?
Fact or (synmset (SCAN_tinmes, SCAN sl ash) + followers);
) CGen- >bi naryi nt eger op(op(opsym) ;
}

voi d PARSER: : Expressi on(synset fol | owers)
" +Il | n - n ] Ter m { ( n +II | n - n ) Ter m }

//S(E:XAIF\)lr ession = |
| synmtypes opsym
if (SYM sglm == SCAN_pl us)
{ GetSym();



Ter m(synmset (SCAN_pl us, SCAN_mi nus) + followers);

else if (SYM sym == SCAN_ni nus)

{ GetSym(); .

Tern(syrrset(SCAN pl us, SCAN m nus) + followers);
CGen- >negat ei nt eger () ;

}

el se
Tern%sym;et(SCAN pl us, SCAN mi nus) + foI | owers);

Whl l'e (SYM sym == SCAN pl us |T SYM sym == SCAN m nus)
opsym = SYM sym GetSyng)
Tern(s%rrset(SCAN pl us CAN_mi nus) + followers);

) CGen- >bi naryi nt egerop(op(opsyn))

}

void PARSER: : Condi tion(synset followers)
/1 Condition = Expression Rel op Expression .
{ SCAN_syntypes opsym
symset stopset = eI OpSyns + foll owers;
pressi on( st opset
|f ('ReIQo yNs. e (SYMsyrr)) { Report->error(19); return; }
opsym = SYM s?/m Cet Sy
) Expression(fo Iowers) CGen->conpar| son(op(opsym);

/] ++++++++++++++++H++++++++ Stat enent Part  ++++++ bbb bbb+

voi d PARSER: : ConpoundSt at enent (synset fol | owers)
/1 ConpoundStatenent = "BEG N' Statenent { ";" Statenent } "END'
{ accept (SCAN begi nsym 34),
St at enent (symset(SCAN sem col on, SCAN endsym) + followers);
while (SYM sym == SCAN_semi coI on || FirstStatenent. merTb(SYM sym)
{ accept (SCAN seni col on,
St at enent (sym;et(SCAN sem col on, SCAN_endsym) + followers);

}
accept (SCAN_endsym 24);

voi d PARSER: : Assi gnnent (synset followers, TABLE entries entry)
/1 Assi gnmant = Var Desi gnator ":=" EXpI’eSSI on .
[l Var DeS|gnator = Designator .
Desi %nator(entry, synmset (SCAN_becones, SCAN eql sym) + followers, 210);
YM sym == SCAN_becones)
Get Sym(
el se
{ Report - >err0r(21g if (SYMsym == SCAN eql sym) CetSym(); }
Expression(fol | oners
CCen- >assign() ;

}

voi d PARSER: : Pr ocedur eCal | (synset followers, TABLE entries entry)
/1 ProcedureCall = Procldentifier Actual Parameters .

{ GetSym();

CCen- >nmar kst ack() ;
Act ual Par aret er s(ent r foll oners); ]
CGen->cal | (entry. | eve entry. p.entrypoint);

void PARSER: : | f Statenent (synset foll owers)
/1 1fStatement = "IF" Condition "THEN' Statement
{ CGEN_| abel s testl abel;

) ;
Oonds?/tl on(symset(SCAN t hensym SCAN dos%/n) + foI | owers);
CGen- >j unponf al se(testl abel, CGen->undefi ned)
if (SYMsym == SCAN t hensyn)
&G

Report->error(23); if (SYMsym == SCAN dosyn) GetSym(); }
St at enent (fol | owers) ;
CGen- >backpat ch(testl abel );

}

voi d PARSER: : Wi | eSt at enent (synset foll owers)
/1 \WhileStatemrent = "WH LE" Condition "DJ' Statenent
{ CGEN_| abels startloop, testlabel, dummyl abel;
Get Syn() ;
CGen- >st or el abel gst artloop);
Condi ti on(synset ( SCAN dosyn) + foll owers);
CGen- >j unponf al se(t estl abel, CGen->undefi ned);
accept (SCAN_dosym 25);
St at enent (fol | owners);



CCGen- >j (dumyl abel , startl oop);
CGen- > angat ch(testl abel);

voi d PARSER: : Ret ur nSt at enent (synset fol | owers)
/1 ReturnStatenent = "RETURN' Expression ]
{ Getsym():
switch (bI ockcl ass)
{ case TABLE funcs:
i }‘ (! Fi rst Expressi on. nenb(SYM syn)) Report->error(220); // an Expression i s nandato
el se
{ CGen->stackaddress(bl ockl evel, 1, false);
Expressi on(fol | oners);
CCGen- >assign();
CGen- >| eavef unct i on( bl ockl evel );

Lr eak;

case TABLE procs: /1 simple return
CCGen- >l eavepr ocedur e( bl ockl evel ) ;

if (FirstExpression. nenmb(SYM synj) /1 we may NOT have an Expression
{ Report->error(219); Expression(followers); }
br eak;
case TABLE progs: /1 okay in main program- just halts

CGen- >| eaveprogrant();

if (FirstExpression. rrenb(SYM sym) // we may NOT have an Expression
b { Eeport >error(219); Expression(followers); }

rea

}
}
void PARSER : Wit eEl enent (synset followers)
/1 WiteEl ement = Expression | String .
{ CGEN | abels startstring,
if (SYMsym!= SCAN stringsymn
{ Expressi on(symset (SCAN_conmma, SCAN rparen) + followers);
) CCen->writeval ue();
el se
{ CGen->stackstring(SYM nane, startstring);
CGen->writestring startstri ng) ;

Cet Sym() ;

id PARSER: : WlteStatement(sym;et fol | oners) ]
WiteStatement = "WRl TE" [ "(" WiteElenent { "," WiteE ement } ")" ]

)
SYM”? m == SCAN_| par en)
tS
i t eEl enent (followers);
while (SYM sym == SCAN comma First ExPressi on. menb(SYM sym))
{ accept (SCAN_conms, 13) Wi teEI enment (fol l owers); }
accept (SCAN_rparen, 17);

}&JGen- >new i ne();

}
voi d PARSER: : ReadSt at enent (synset fol | owers) )
ilesea&c:ﬁ{?terrent = "READ' "(" Variable { "," Variable } ")"
t
IGE (SP;(I\/; sym ! = SCAN | paren) { Report->error(18); return; }
t
Vari abl e(serset ESCAN_corTma, SCAN rparen) + followers, 211);
CCGen- >r eadval ue()
while (SYM SKIm == SCAN comma || SYM sym == SCAN_ i dentifier)
{ accept (SCAN_comma, 13);
Vari abl e( synset 2SCAN comma, SCAN rparen) + followers, 211);
) CGen- >r eadval ue()
) accept (SCAN_r paren, 17);
voi d PARSER: : ProcessCal | (synset followers, int &processes)
/1 ProcessCall = Procldentifier Actual Paraneters .
{ TABLE entrl es entry;

bool Tound;
if (LFirstStatenent. menb(SYM synm)) return;
if (SYMsym!= SCAN i dentifier
ERe port->error(217); Staterrent(followers) return; } // recovery
Tabl e- >sear ch( SYM nane, entry, found);
if (!found) Report- >err0r(202)



if (entry.idclass != TABLE_procs)

G SRﬁ(p;)rt >error(217); Staterrent(followers) return; } // recovery
t Sy

CGen- >nar kst ack() ;

Act ual Par anet ers(ent ry, followers);

CGen- >f or kprocess(entry. p. entrypol nt)

processes++;

voi d PARSER: : Cobegi nSt at enent (symset foll owers)
/| Cobegi nSt atenment := "COBEG N' ProcessCal |l { ";" ProcessCall } "COEND
/1 count nunber of processes
{ int processes = 0;
CGEN | abel s start
i f (blockclass != TABLE progs) Report->error(215); // only from gl obal [evel
CGet Sym(); CGen- >c0be%An(start
ProcessCal | (symset(S N seni col on, SCAN | coendsym) + followers, processes);
while (SYM sym == SCAN seni col on | | FirstStatenment. nenb(SYM syn))
{ accept (SCAN senicolon, 2);
ProcesscCal | (symset(SCAN sem col on, SCAN _coendsyn) + followers, processes);

CCen- >coend(start, processes);
accept (SCAN_coendsym 38);

}
voi d PARSER: : Semaphor eSt at ement (synset fol | owers) )
/1 SerraphoreStaterrent = ("WAIT" | "SIGNAL") " (" VarDesignator ")"
{ t()sgolS ﬁ(ral)t (SYM sym == SCAN wai t sym ;
tSy
if (SYMsym!= SCAN | paren) { Report->error(18); return; }
Cet Sy

) ;
Vari abl e(symset(SOAN r par en? + followers, 206);
if (wait) CGen- >wa|top() el se CGen- >signal op();
accept (SCAN_rparen, 17);

}
voi d PARSER: : St at enent (synset fol | owers)
/1 Statement = [ ConmpoundSt at ement Assi gnment | ProcedureCall
/1 |fStatenent | Wil eStatenent | ReturnStatenent
/1 WiteStatement | ReadStatenent | Cobegi nSt at ement
/1 Wait Statenent | Signal Statenment | " STACKDUWP" ]
{ TABLE entries entry;
bool found;
if (FirstStatement. menb(SYM sym)
{ switch (SYM synm)
{ case SCAN identifier:
Tabl e- >sear ch( SYM nane, entry, found);
if (!found) Report- >error(202)
if (entry.i1dclass == TABLE_procs
ProcedureCal | (fol |l owers, entry);
el se
Assignment (fol | oners, entry);
br eak;
case SCAN_l fs?/m | f Statenment (fol | owers); break;
case SCAN whi [ esym Wil eStatenent(foll owers) br eak;
case SCAN_returnsym ReturnSt aten’entgfol | owers) br eak;
case SCAN writesym WiteStat errent§ ol | owers) br eak;
case SCAN readsym ReadSt at enent (f ol | owers); break;
case SCAN begi nsym  ConpoundSt at enent gol | owers); break;
case SCAN stacksym  CGen- >dunp(); yn() break
case SCAN _cobegsym Cobegi nSt aterrent(fol ovvers) break;
case SCAN wai ts?/m
case SCAN si gnal sym SenaphoreStatenent (foll owers); break;

}

/| test(Followers - symset(SCAN_identifier), EnptySet, 32) or
est (foll owers, EnptySet, 32);

}
voi d PARSER: : Bl ock(synset followers, int blklevel, TABLE idclasses bl kcl ass,

i nt initialfrarresize?
/1 Block = { ConstDeclarations | VarDeclarations | ProcDeclaration }
/1 rrpoundSt at ement
{ int framesize = initialfranmesize; [// activation record space

CCEN_| abel s entrypoi nt;
CGen->j unp(ent rypoi nt, CGen->undefined);
test(FirstBlock, foll owers, 3);
|df (bl kl evel > CGEN_I evrrax) Report ->error(213);
o
{ if (SYM sym == SCAN _constsyn) ConstDecl arations();
if (SYMsym == SCAN var sy Var Decl ar at i ons(f ranesi ze) ;
while (SYM sym == SCAN procsym || SYM sym == SCAN funcsyn)
ProcDecl arati on(fol |l owers);



test(FirstBlock, followers, 4);
} while (FirstDeclaration. menb(SYMsynm)),;
/'l bl ockcl ass, bl ockl evel global for efficiency
bl ockcl ass = bl kcl ass;

bl ockl evel = bl kl evel; )
CCen- >backpatch$ entrme nt); reserve space for variables
CCen- >openst ackf rame(franesi ze - | nitialfranesize);

ConpoundSt at errent (f ol | owers) ;

switch (bl ockcl ass)

{ case TABLE progs: CGen->| eaveprogram); eak;
case TABLE procs: CGen->| eaveprocedur e( bI ockl evel ); break;
case TABLE funcs: CGen->functioncheck(); break;

test(followers EmptySet, 35); )
(debngl ng) Tabl e->pri nt t abl e(Srce->lst); // denpbnstration purposes
Tabl e->cl osescope();

}

voi d PARSER: : Cl angPro ran( v0| d)
[/ O angProgram = "P Pr ogl dentifier ";" Block "."
{ TABLE entries progent ry,
TABLE_ i ndex progi ndex;
accept ( SCAN_pr o%sym 36
if (SYMsym!= SCAN |dent|f| er)
Report->error(6);
el se
{ sprintf(progentry.nanme, "% *s", TABLE_ al fal ength, SYM nane);
debuggi ng = (str chp( SYM nanme, "DEBUG') == 0);
pro?entry i dcl ass = TABLE_progs;
Tabl e- >enter(pr ogentry, progi ndex);

Get Sym()

Tabl e- >openscope();
accept (SCAN_sem col on, 2);
Bl ock(synmset (SCAN_peri od, SCAN eofsyn) + FirstBlock + FirstStatenent,
progentry. level + 1, TABLE progs, 0);
) accept (SCAN_period, 37);

voi d PARSER: Cr)arse(vm d)
{ Getsym(); angProgran(); }

/1 Handl e synbol table for Cang | evel 3/4 conpiler/interpreter
/1 1ncludes procedures, functions, paraneters, arrays, concurrency
/1 P.D. Terry, Rhodes University, 1996

#i f ndef TABLE_H
#define TABLE_H

#i ncl ude "cgen. h"
#i nclude "report.h"

const int TABLE alfalength = 15; // maximum|length of identifiers
t ypedef char TABLE al f a[ TABLE al fal ength + 1];

enum TABLE i dcl asses
{ TABLE consts, TABLE vars, TABLE progs, TABLE procs, TABLE funcs };

struct TABLE nodes; )
t ypedef TABLE nodes *TABLE_i ndex;

struct TABLE entries {

TABLE_al fa nane; [/ identifier
int |evel; /[l static |evel
TABLE_i dcl asses idcl ass; /'l class
uni on {
struct {
int val ue;
C; /] constants
struct {
int size, offset;
booI ref, scalar;
} v /] variabl es
struct {
i nt parans, paransize,
TABLE index firstparam
CCGEN T abel s entrypoint;
}op; /1 procedures, functions

}s
}s



struct TABLE_nodes {
TABLE entries entry;
) TABLE_i ndex next;

struct SCOPE_nodes {
SCOPE _nodes *down;
TABLE_i ndex first;

cl ass TABLE {
public:
voi d openscope(void);
/1 Opens new scope for a new bl ock

voi d cl osescope(Vvoi d? ;
/1 Closes scope at bl ock exit

void enter (TABLE entries &entry, TABLE index &position);
/1 Adds entry to synmbol table, and returns its position

voi d search(char *nane, TABLE entries &entry, bool &found);
/1l Searches table for presence of nane. |If found then returns entry

voi d updat e( TABLE entries &entry, TABLE_index position);
/1 Updates entry at known position

bool isrefparan(TABLE entries &procentry, int n);
/!l Returns true if nth paraneter for procentry is passed by reference

void printtabl e(FILE *Ist);
/1 Prints synbol table for diagnostic purposes

TABLE( REPORT *R);
/1 Initializes synbol table

private:
TABLE i ndex sentinel ;
SCOPE_nodes *topscope;
REPCORT *Report;
int currentl evel;

}s
#endi f /*TABLE_H*/

----- tabl @ CPP - s s s mmm -

/1 Handl e synbol table for Cang | evel 3/4 conpiler/interpreter
/1 I ncludes procedures, functions, paraneters, arrays, concurrency
/1 P.D. Terry, Rhodes University, 1996

#i nclude "m sc. h"
#i ncl ude "tabl e. h"

voi d TABLE: : openscope(voi d)

{ SCOPE_nodes *newscope = nhew SCOPE_nodes;
newscope- >down = topscope; newscope->first = sentinel;
t opscope = newscope;
currentl evel ++;

voi d TABLE: : cl osescope(voi d)

{ SCOPE_nodes *old = topscope;
t opscope = topscope->down; del ete ol d;
currentl evel --;

voi d TABLE: : enter (TABLE entries &entry, TABLE index &position)
{ TABLE index | ook = toEscope- >first;
TABLE_i ndex | ast = NULL;
position = new TABLE nodes;

sprintf(sentinel->entry.nane, "%*s", TABLE alfalength, entry.nane);
ile (strcnp(l ook->entry.name, sentinel->entry.nane))

{ last = | ook; |ook = |ook->next;

I1f (look !'= sentinel) Report->error(201);

entry.level = currentlevel;

position->entry = entry; position->next = | ook;

I1f (!last) topscope->first = position; else |last->next = position;

voi d TABLE: : updat e( TABLE entries &entry, TABLE i ndex position)



{ position->entry = entry; }

void TABLE: : search(char *nane, TABLE entries &entry, bool &found)
{ TABLE i ndex | ook;
SCOPE_nodes *scope = topscope;

\?\,ﬁri ntf(sentinel->entry.name, "% *s", TABLE al fal ength, nane);

ile (scope)

{ ook = scope->first;
while (strcnp(l ook->ent r¥. name, sentinel - >ent r?/. name)) | ook = | ook->next;
if (look !'= sentinel) { found = true; entry = look->entry; return;

scope = scope->down;

ound = false; entry = sentinel->entry;

bool TABLE: :i srefparam TABLE entries &procentry, int n)
if (n > procentry.p.parans) return fal se;
TABLE_i ndex | ook = Er ocentry.p.firstparam
while (n > 1) | ook = | ook->next; n--; }
return | ook->entry.v.ref;

voi d TABLE: : printtabl e(FILE *Ist)
{ SCOPE _nodes *scope = topscope;
TABLE_i ndex current;
putc(™\n’, Ist);
whil e (scope)
{ current = scope->first;
while (current != sentinel)

{ fprintf(lst, "% 16s", current->entry.nane);
switch (current->entry.idcl ass)
{ case TABLE consts:
Lpri Etf(l’st , " Constant %d\n", current->entry.c.value);
reak;

case TABLE vars:
fprintf(Tst, " Variable %3d%td%id\n",
current->entry.level, current->entry.v.offset,
current->entry.v.size);
br eak;

case TABLE procs:
fprintf(Tst, " Procedure %8d%td%itd\ n", )
current->entry.level, current->entry.p.entrypoint,
b " current->entry. p. parans);
reak;

case TABLE funcs:
fprintf(Tst, " Function 9%3d%td%id\n",
current->entry.level, current->entry.p.entrypoint,
current->entry. p. parans);

br eak;

case TABLE_ progs:
fprintf(lst, " Program \n");
br eak;

current = current->next;

scope = scope->down;

}
}
TABLE: : TABLE( REPORT *R)
{ sentinel = new TABLE nodes;
sentinel->entry.nane[0] = '\0’; sentinel->entry.level = 0;
sentinel ->entry.idclass = TABLE_Er 0gs;
currentlevel = 0; topscope = NULL; /1 for level O identifiers
} Report = R openscope(); currentlevel = 0;

/1 Code Generation for Clang level 4 conpiler/interpreter

/1 Includes procedures, functions, paraneters, arrays, concurrency.
/1 Display nmachine.

/1 P.D. Terry, Rhodes University, 1996

#i f ndef CGEN_H
#define CGEN_H

#i nclude "m sc. h"



#i ncl ude "stknc. h"
#i ncl ude "report. h"

#defi ne CGEN_headersi ze STKMC headersi ze
#defi ne CGEN_| eviax STKMC_| evnax

enum CGEN_operators {
CCEN_opadd, CGEN opsub, CGEN opnul, CCGEN opdvd, CGEN opeql, CGEN _opneq,
CCEN_opl ss, CGEN opgeq, CGEN opgtr, CCEN opleq

typedef short CGEN | abel s;
typedef char CGEN_| evels;

cl ass CGEN {
public:
CCEN _| abel s undefi ned; /1 for forward references

CGEN( REPCRT *R);
/1 Initializes code generator

voi d negat ei nt eger(voi d); ) )
/] Generates code to negate integer value on top of evaluation stack

voi d bi naryi nt eger op( CGEN_operators op); ]
/1 Cenerates code to pop two values A B fromeval uati on stack
/1 and push value A op B

voi d compari son( CGEN_operators op);
/1 Cenerates code to pop two integer values A B from stack
/1 and push Bool ean value A OP B

voi d readval ue(void);
/1 Generates code to read value; store on address found on top of stack

void witeval ue(void);
/1 Generates code to output value fromtop of stack

voi d new i ne(void);
/1l Cenerates code to output |ine mark

void witestring(CGEN_| abels |ocation);
/1l Cenerates code to output string stored at known | ocation

void stackstring(char *str, CGEN_|abels & ocation); )
/1 Stores str in literal pool in menory and return its |ocation

voi d stackconstant (i nt nunber); )
/'l Cenerates code to push nunber onto eval uation stack

voi d stackaddress(int level, int offset, bool indirect);

/1l Cenerates code to push address for known | evel, offset onto eval uation stack.

/1 Addresses of reference paraneters are treated as indirect

voi d subscript(void);
/'l Cenerates code to index an array and check that bounds are not exceeded

voi d dereference(void);

/] Generates code to replace top of evaluation stack by the value found at the

/! address currently stored on top of the stack

voi d assign(void);
/] Generates code to store value currently on top-of-stack on the address
/1 given by next-to-top, popping these two el enents

voi d openstackframe(int size); ] ]
/'l Cenerates code to reserve space for size variables

voi d | eaveprogram voi d);
/1 Generates code needed to | eave a program (halt)

voi d | eaveprocedure(int bl ocklevel); )
/1 Cenerates code needed to | eave a regul ar procedure at given bl ockl evel

voi d | eavefunction(int blocklevel); ) )
/1 Cenerates code needed as we |eave a function at given bl ockl evel

voi d functioncheck(void); ]
// Generate code to ensure that a function has returned a val ue

voi d cobegi n(CGEN_| abel s &l ocation); )
/1l Generates code to initiate concurrent processing



void coend(CGEN_| abel s | ocation, int number); ]
/1 Generates code to termnate concurrent processing

voi d storel abel (CGEN_| abel s & ocation); ) ) )
/1 Stores address of next instruction in |location for use in backpatching

voi d junmp(CCGEN | abel s &here, CCEN | abel s destination);
/1 Generates unconditional branch fromhere to destination

voi d j unponfal se(CGEN_| abel s &ere, CGEN | abel s destination);
[l Generates branch fromhere to destination, conditional on the Bool ean
/1 value currently on top of the evaluation stack, popping this value

voi d backpat ch( CGEN_| abel s | ocati on); )
/|l Stores the current |ocation counter as the address field of the branch
/1 instruction currently held in an inconplete format |ocation

voi d mar kst ack(voi d); ]
/'l Cenerates code to reserve mark stack storage before calling procedure

void call (int level, CGEN_|abels entrypoint); ]
/1 CGenerates code to enter procedure at known | evel and entrypoint

voi d forkprocess(CGEN_| abel s entrypoint); )
/'l Generates code to initiate process at known entrypoi nt

voi d signal op(void);
/'l Cenerates code for semaphore signalling operation

voi d waitop(void);
/1l Cenerates code for semaphore wait operation

voi d dunp(void);
/1 Cenerates code to dunp the current state of the evaluation stack

voi d getsize(int &codelength, int & nitsp); )
/1 Returns length of generated code and initial stack pointer

int gettop(void);
/1 Return codetop

void emt(int word);
/1 Emts single word

private:
REPORT *Report;
bool generatingcode;
STKMC_addr ess codet op, stktop;

#endi f /* CGEN_H*/

----- COBN. CPP === == === === m i m e eooaoooaoooo-

/1 Code Generation for Clang Level 4 conpiler/interpreter

/1 Includes procedures, functions, paraneters, arrays, concurrency.
/1 Display nachine.

/1 P.D. Terry, Rhodes University, 1996

#i ncl ude "cgen. h"
extern STKMC* Machi ne;

CCGEN: : CGEN( REPORT *R)

{ undefined = 0; /1 for forward references (exported)
Report = R
gener ati ngcode = true;
codetop = 0;

) stktop = STKMC nensi ze - 1;

void CCGEN: :emt(int word)
// Code generator for single word
{ if ('generatingcode) return;
if (codetop >= stkt opg
I{ Report->error(212); generatingcode = fal se; }
el se
{ Machi ne->meni codet op] = word; codetop++; }

voi d CCEN: : negat ei nt eger (voi d)
{ emt(int(STKMC neg)); }



voi d CCEN: : bi naryi nt eger op( CGEN _operators op)
{ switch (op)

{ case CGEN oprmul: emt(int(STKMC nul)); break;
case CGEN opdvd: emit(int(STKMC dvd)); break;
case CGEN opadd: emit(int(STKMC add)); break;
case CGEN opsub: emit(int(STKMC sub)); break;

}
}
voi d CCGEN : conpari son( CGEN_operators op)
{ switch (op
{ case CGEN opeql: emt(int(STKMC eql)); break;
case CGEN opneq: emt(int(STKMC neq)); break;
case CGEN oplss: emt(int(STKMC |ss)); break;
case CGEN opleq: emt(int(STKMC leq)); break;
case CGEN opgtr: enmit(int(STKMC gtr)); break;
y case CGEN_ opgeq: emt(int(STKMC geq)); break;
}

voi d CCGEN: : readval ue(voi d)
{ emt(int(STKMC.inn)); }

void CCGEN: :witeval ue(void)
{ emt(int(STKMC prn)); }

voi d CCEN: : newl i ne(voi d)
{ emt(int(STKMC_nln)); }

void CCGEN::witestring(CGEN_| abels |ocation)
{ emt(int(STKMC prs)); emit(location); }

voi d CCEN: : stackstring(char *str, CGEN_| abels & ocation)
int | = strlen(str);
if (stktop <= codetop + | + 1)
{ Report->error(212); generatingcode = false; return; }
| ocation = stktop - 1;
for (int i =0; 1 <1; i++) { stktop--; Machine->menistktop] = str[i];
st kt op--; Machi ne->neni st ktop] = O;

voi d CCEN: : stackconstant (i nt nunber
{ emt(int(STKMC Iit)); emt(nunber); }

voi d CCGEN: : stackaddress(int level, int offset, bool indirect)
{ emit(int(STKMC adr)); em't(levelg; emt(-offset);
if (indirect) emt(Int(STKMC val));

voi d CCGEN: : subscri pt (voi d)
{ emt(int(STKMC.ind)); }

voi d CCEN: : der ef erence(voi d)
{ emt(int(STKMC val)); }

voi d CCEN: : assi gn(voi d)
{ emt(int(STKMC sto));

}
voi d CCEN: : openst ackfranme(int size)
{ if (size >0) { emt(int(STKMC dsp)); emt(size); } }

voi d CCEN: : | eaveprogran(voi d)
{ emt(int(STKMC hlt)); }

voi d CCEN: : | eavefunction(int bl ockl evel g
{ emt(int(STKMC ret)); emit(blocklevel

voi d CCEN: : functi oncheck(voi d)
{ emt(int(STKMC nfn)); }

yoemt(1l); }

voi d CCEN: : | eaveprocedure(int bl ocklevel)
{ emt(int(STKMC ret)); enit(blocklevel); enit(0); }

voi d CCEN: : cobegi n( CGEN_| abel s &l ocati on;
{ location = codetop; enit(int(STKMC chg)); enit(undefined); }

voi d CCEN: : coend(CGEN_| abel s | ocation, int nunber)

{ if (nunber >= TKI\/C_Procmax) Report->error(216);
el se { Machi ne->nen{ | ocation+1] = nunber; enit(int(STKMC cnd)); }

voi d CCEN: : storel abel (CGEN_| abel s &l ocati on)

}



{ location = codetop; }

void CCGEN :junp(CGEN_| abel s &here, CCGEN_ | abel s destination)
{ here = codetop; emt(int(STKMC brn)); emt(destination); }

voi d CCEN: : j unmponf al se( CGEN_| abel s &here, CGEN_I| abel s desti nati on)
{ here = codetop; emt(int(STKMC bze)); em t(destination);

voi d CCEN: : backpat ch( CGEN_I| abel s | ocati on)
{ if (codetop == location + 2 &&
STKMC_opcodes( Machi ne->meni | ocati on]) == STKMC_brn)
codetop -= 2;
el se
Machi ne->meni | ocati on+1l] = codet op;

voi d CCEN: : mar kst ack(voi d)
{ emt(int(STKMC nst)); }

voi d CCEN: : f or kprocess(CCGEN_| abel s entrypoint)
{ emt(int(STKMC frk)); emit(entrypoi ntgl; }

void CGEN :call (int |evel, CGEN_|abels entrypoint)
{ emit(int(STKMC cal)); enit(level); enit(entrypoint); }

voi d CCEN: : si gnal op(voi di
{ emt(int(STKMC siq));

voi d CCEN: : wai t op(voi d)
{ emt(int(STKMC_wgt)); }

voi d CCEN: : dunp( voi dg
{ emt(int(STKMC stk)); }

voi d CCEN: : getsi ze(int &codel ength, int & nitsp)
{ codel ength = codetop; initsp = stktop;

int CCGEN :gettop(void)
{ return codetop; }

/1 Definition of sinple stack machine and sinple enulator for Cang |evel 4
[/ 1ncludes procedures, functions, paranmeters, arrays, concurrency.

/1 This version emulates one CPU tine sliced between processes.

/1 Display machi ne

/1 P.D. Terry, Rhodes University, 1996

#i fndef STKMC H
#defi ne STKMC_H

#defi ne STKMC version " ang
const int STKMC nensize = 512; /
const int STKMC | evimax = 5; /
const int STKMC headersize = 5; /
const int STKMC procnmax = 10; /

4.

/[ Limt on nmenory

[ Limt on Display

[/ Size of mninmumactivation record
/ Limt on concurrent processes

/1 machi ne instructions - order inportant

enum STKMC opcodes {
STKMC cal, STKMC ret, STKMC adr, STKMC frk, STKMC cbg, STKMC lit, STKMC dsp,
STKMC brn, STKMC bze, STKMC prs, STKMC wgt, STKMC sig, STKMC cnd, STKMC nfn,
STKMC nst, STKMC add, STKMC sub, STKMC mul, STKMC dvd, STKMC eql, STKMC neq,
STKMC | ss, STKMC geq, STKMC gtr, STKMC | eq, STKMC neg, STKMC val, STKMC sto,
STKMC i nd, STKMC stk, STKMC hlt, STKMC.inn, STKMC prn, STKMC nln, STKMC nop,

) STKMC_nul

t ypedef enum {
runni ng, finished, badnem baddata, nodata, divzero, badop, badind,
badf un, badsem deadl ock

} status;

typedef int STKMC address;

typedef int STKMC | evel s;

typedef int STKMC proci ndex;

class STKMC {
publi c: ) _ )
int men{ STKMC mensize]; // virtual machi ne nenory

void listcode(char *filenane, STKMC address codel en); ]
/1 Lists the codelen instructions stored in memon nanmed output file



voi d emul at or (STKMC _address initpc, STKMC address codel en,

STKMC address initsp, FILE *data, FILE *results,

bool tracing);
// Emul ates action of the codelen instructions stored in nem wth
/1l programcounter initialized to initpc, stack pointer initialized to
/1 1nitsp. data and results are used for I/O  Tracing at the code |evel
/1 may be requested

void interpret(STKMC address codel en, STKMC address initsp);

[l Interactively opens data and resuits files. Then interprets the
/1 codel en instructions stored in mem with stack pointer initialized
/1 to initsp

87K opcodes opcode(char *str);

/1 Maps str to opcode, or to NC nul if no match can be found
KNC() _ .
Initializes stack nmachine
private:

struct processor {

STKNC , opcodes ir; [/ Instruction register
int bp; [/ Base pointer

int sp; /] Stack pointer

int np; [/ Mark Stack pointer
|nt pc; /1 Program counter

ors
Shadow registers
Ri ng poi nter

struct processrec { // Process descrlp;
/
; Li nked, maltlnglon senmaphore
/
/

STKMC address bp, nmp, sp, pc;
STKMC pr oci ndex next ;

STKMC pr oci ndex queue

bool ready;

STKMC_addr ess_st ackmax, stackmi n;
int display[ STKMC | evhax];

Process ready
Mermory limits
Di splay registers

~—— e —

processor cpu;
status ps;

bool inbounds(int p);

char *mmenoni cs[ STKMC nul +1];

voi d stackdunmp( STKMC_ addreSS|rntsp, FILE *results, STKMC address pcnow);
void trace(FILE *results, STKMC address pcnow);

voi d postnorten(Fl LE *results, STKMC_addr ess pcnow) ;

int slice;

STKMC prOC|ndex current, nexttorun;
processrec process STKNC procnax + 1];
voi d swapregi sters(void

voi d choosepr ocess(voi d

voi d signal (STKMC address senaddress)
voi d wait (STKMC addr ess senmddr ess);

}s
#endi f /* STKMC_H*/

----- L 1 o o] e

/1 Definition of sinple stack nachine and sinple enmulator for Clang level 4
/1l Includes procedures, functions, parameters, arrays, concurrency.

/1 This version enul ates one CPU tine sliced between processes.

/1 Display machine.

/1 P.D. Terry, Rhodes University, 1996

#i nclude "m sc. h"
#i ncl ude "stknt. h"
#i ncl ude <tine.h>

#define random(num (rand() % (nun)
#define BLANKS " "

const int maxslice 8, // maximumtime slice
const int processreturn 0; // fictitious return address

STKMC opcodes STKMC: : opcode(char *str)

{ STKMC opcodes | = STKMC opcodes(O) )
for (|nt i = 0; str[ 1; i++) str[i ] = toupper(str[i]);
whil e g = STKMC nul * && strcnp(str, mmenonics[l]))

| TKMC > opcodes(long(l) + 1);

return



void STKMC: : | i stcode(char *filenanme, STKMC address codel en)
{ STKMC addr ess i, j;

STKI\/C oPcodes op

ename == '\0’) return;

FI LE *codefil e = fopen(fil enanme, "W');

if (codefile == NULL) return;
/* Theofol | owi ng may be useful for debugging the interpreter
(i < codel en)
intf(codefile, "%d", menii]);
(i + 1) %16 == 0) putc('\n’, codefile);

/putc('\n’, codefile);

] =

while (i < codel en) )

{ op = STKI\/C (o] codes(rren{l] %(lnt(STKI\/C nul) + 1)); // force in range
fprintf Ecoae ile, "940d %", i, mmenonics[op]);
switch (op)
{ case STKMC cal:

case STKMC ret:
case STKMC adr:
i = Ei + 1; % STKMC _nensi ze;
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i = (i + 1) % STKMC nensi ze;
br eak;

codefi
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case STKMC frk:

case STKMC chg:

case STKMC lit:

case STKMC dsp:

case STKMC brn:

case STKI\/C bze:
b = (kl + 1) % STKMC nensi ze; fprintf(codefile, "%d", menfi]);
rea

case STKMC prs
! = (i +1) %STKI\/C mensi ze;
= men{i]; fprintf(codefile, "
V\hl|e (men{j] 1'=0) { putc(rmenij], codefile); j--3}
Butc( \"’, codefile);
reak

|} = (i + 1) % STKMC_nmensi ze;
putc(’\n’, codefile);

%cl ose(codefile);

voi d STKMC: : swapr egi st ers(voi d)

/1 Save current nmachine registers; restore fromnext process

{ process[current].bp cpu. bp; cpu. bp process[ nexttorun]. bp;
process|[current].np = cpu.np; cpu.np = process|nexttorun].np;
process{current].sp = cpu.sp; Cpu.sp = process|nexttorun].sp;
process[current].pc cpu. pc; cpu. pc process[ nexttorun]. pc;

voi d STKMC: : choosepr ocess(voi d) ) )
/1 Fromcurrent process, traverse ring of descriptors to next ready process

{ if (slice!=0) { slice--; return; )
do nexttorun = process[nexttorun].next; } while (!process[nexttorun].ready);
if (nexttorun != current

) swapregl sters()
slice = random naxslice) + 3;

bool STKMC: :inbounds(i nt

/1 Check t hat menory pointer P does not go out of bounds. This should not

/1 happen with correct code, but it is just as well to check

{ if (p < process[current]. stackmi n || p >= STKMC_nensi ze) ps = badnem
return (ps == running);

voi d STKMC: : st ackdunp( STKMC address initsp, FILE *results, STKMC address pchow)
/1 Dunp data area - useful for debuggi ng
{ int online = 0;
fprintf results, "\nStack dunp at %d CPU: %d", pcnow, current);
fprintf(results, " SP:%d BP: %ld", cpu.sp, cpu. bp?(
f rintf(results, " SM %id", process[current].stac mn);
(cpu bp <inits ) fprlntf(results " Return Address: %d", nmen{cpu.bp - 4]);
utc results
or |nt | = processgcurrent] stackmax - 1; | >= cpu.sp; |--)
{ fprintf(results, "%d:%d", |, menil 2
online++; if (onllne %6 == O) putc('\n', results);



—h——

printf (results "\'nDi spl ay");
for (I 0; I < STKI\/C_I evmax; | ++

fprlntf(results '9%dd", process[current].display[l]);
putc(’'\n’, results)

}

void STKMC: :trace(FILE *results, STKMC address pcnhow)
/1l Simple trace facility for run tine Hebugg
{ fprintf(results, "CPU %ld PC. %d BP: %id" current pcnow, cpu. bp);
f rintf(results, " SP:%id TCS: ", cpu.sp);
(cpu.sp < STKMC _nensi ze)
Ifpr| ntf(results, "%d", nen{cpu.sp]);
el se

fprintf(results, "??2?2?");
fprlnthresuIts, " 9", mmenonics[cpu.ir]);
switch (cpu.ir)

{ case STKMC cal:
case STKMC ret:
case STKMC adr:
Lprl Etf(resul ts, "98d¥®d", menicpu.pc], menfcpu.pc + 1]);
rea
case STKI\/C_frk:
case STKMC chg:
case STKMC lit:
case STKMC dsp:
case STKMC brn:
case STKMC bze:
case STKMC
fpri ntf(resul ts, "99d", nenicpu.pc]); break;
/1 no defaul't needed

}
putc(’\n’, results);

void STKMC: : postnorten( FI LE *results, int pcnow)
[1 Report run tinme error and posrtlon
{ putc(’\n’, results);

switch (ps)
{ case badop: fprintf(results, "l Il egal opcode ); break;
case nodat a: fprintf(results, "No nore data" br eak:
case baddata: fprintf(results "l nval i d data" br eak;
case divzero: fprintf(results, "Division b?/ zero"g; br eak;
case badmem fprintf(results, "Menory violation br eak;
case badi nd: fprintf(results, "Subscript out of range"),; break;
case badf un: fprintf(results, "Function did not return value"); break;

case badsem fprintf(results, "Bad Serraphore operation"); break;
case deadl ock: fprintf(results, "Deadl ock™); break;

%printf(results, " at %d in process %\n", pcnow, current);

voi d STKMC: : si gnal (STKMC _addr ess senaddr ess)

{ if (men{senaddress] >= 0) /1 do we need to waken a process?
nmeni semaddr ess] ++ return; /1l no - si npl}l i ncrenent senmaphore
TKMC_pr oci ndex woken = -rren{ senaddress]; // negate to find index
meni semaddr ess] = -process[woken] queue; // bunp queue pointer
process[ woken] . queue = O; /1 renmove from queue
) process[woken] . ready = true; /1 and allow to be reactivated
voi d STKMC: : wai t (STKMC_addr ess senmaddr ess)
{ STKMC procindex |ast, now;
if (meni serraddress] > 0) /1 do We need to suspend?
{ men{semaddress]--; return; } /1l no - nﬁly decrenent semaphore
slice = 0; chooseprocess() /1 choose t he next process
process[current].ready = fal se; /1 and suspend this one
1f (current == nexttorun) { ps = deadl ock; return;
now = - neni sermaddr ess] ; /1l 1ook for end of semaphore queue
while (now !'= 0) { Iast = now, nNow = process[now . queue;
if (menisenmaddress] == 0)
Inen[ senaddress] = -current; /1 first in queue
el se
process[l ast].queue = current; /1 place at end of existing queue
process[current] queue = 0; /1 and mark as the new end of queue

}

voi d STKMC: : errul at or (STKMC _address initpc, STKMC address codel en,
STKMC address initsp, FILE *data, FILE *results,
bool tracing)
STKMC_addr ess pchow; /1 Current program counter
STKMC addr ess par ent sp; /1 Original stack pointer of parent
STKMC pr oci ndex nprocs; /'l Nurmper of concurrent processes



int partition; /1 Menory allocated to each process
int |oop;
srand(tPne(NULL ); /1 Initialize random nunber generator
process[ 0] . stackmax = initsp;
process| 0] .stackm n = codel en;
process| 0] . queue = O;
process|[0].ready = true;
cpu.sp = |n|tsp
cpu. bp = initsp; [l initialize registers
Cpu.pc = initpc; /1 initialize program counte
for (int I =0; | < STKMC | evrmax; | ++) process[O].dispIay[I] = initsp
nexttorun = O;
nprocs = 0;
slice = 0;
ps = running;
do
{ pcnow = cpu. pc; current = nexttorun
|r (unsi gned(nenf cpu.pc]) > int(STKMC nul)) ps = badop;
el se
{ c u.ir STKMC_opcodes( neni cpu. pc cpu. pc++; // fetch

);
(traC|ng) trace(results, ;
smntch (cpu.ir)

{ case STKMC cal:

pcno

nmen{cpu.np - 2] = process[current].disp
me cpu np - 3] = cpu bp;

nme np - 4] = cpu.pc + 2;
process[current] dlsplay[nen[cpu pc]] =
cpu. bp = cpu. np;

cpu. = menfcpu. pc + 1];

EC

br ea

case STKN[Lret:
process[current].di spl ay[ menf cpu. pc]

cpu. sp
cpu. np
cpu.Bc
PPU- p
if (cpu.p
{ n rocs--;
(nprocs
{ nexttorun
el se
{ chooseprocess();
process[current] ready = fals
1f (current nexttorun) ps

cpu bp - nen{c u.pc + 1];
cpu. bp - ;
cpu. bp - 4;
L cpu. bp - 3];
processreturn)
sllce = 0;
0;

= swapregi sters();

}

’dead

Lreah
case STKMC adr:

|P (|nbohnds§
nmenj cpu. sp

cpu. pc += 2;

cpu. sp))
= process[current]. dlspla
+ nenicpu. pc + L

reak;
case STKMC frk:
nprocs++, )
/1 first initialize the shadow CPU regi
process[nprocs].bp = cpu. np;
process|[nprocs].np = cpu. np;
process| nprocs sp Ccpu. sp;
process| nprocs]. n[cpu pcl;
process[ nprocs dlspla [O]
processFO] dlsplay[
process[ np rocs] di sp ay[l] = cpu. np;
/'l now |n|t|aI|ze actlvatlon record
nmenj process[ nprocs]. bp -
process[0]. dlsplay l]

ne process nprocs] ] = cpu. bp;
process[ nprocs bp - 4] = processre

// descriptor house keeping

process[ nprocs] . stackmax = cpu. np;

process|[ nprocs].stackmn = cpu.np - par

process[ nprocs].ready = true,

process| nprocs]. queue = 0;

process[nprocs].next = nprocs + 1,

Cpu.sp = cpu.np - partition;

cpu. Ec++;

brea

case STKI\/C_cbg:

/| execute

Iay[nen{cpu Pc]]

save di splay el ement
save dynam c |ink
save return address
¢pu. np,

update di spl ay
reset base pointer
enter procedure

meni ¢ bp -
restore dlspla¥
di scard stack frame

restore mark pointer

get return address

reset base pointer

kill a concurrent process
force choice of new process
reactivate main program

2];

conplete this process only
may fai

~~ ~———————
~— —— e~

| ock;

y[ men{ cpu. pc] 1]

sters and Displ ay

base poi nter
mar K poi nter
stack pointer

process entry point

~——
~———

| obal
oca

for
for

access

access
di splay cop
dynam c I|nK
return addr ess

~—
~—

turn;

menory limts
tition;
ready to run

cl ear semaphore queue
link to next descriptor
bunp parent SP bel ow
reserved nenory

~———— ~ ~——
—~————— -~ ~——



if (menfcpu. pc% > 0)

{ partition = (cpu.sp - codelen) / men{cpu.pc]; // divide rest of nmenory
parentsp = cpu. sp; /1 for restoration by cnd
cpu Ec++
br ea
case STKI\/C lit:
|P (| nbohnds(cpu.sp)) { men{cpu.sp] = nenfcpu.pc]; cpu.pc++; }

br eak
case STKI\/C_dsp:
_cPu. sp -= menfcpu. pc; ;
if (inbounds(cpu.sp)) cpu.pc++;
br eak;
case STKI\/C brn:

Ccpu. pc = rren{ cpu. pc]; break;
case STKMC bze
Cpu. sp++;
i $| nbounds( cpu. sp)}
é k(n*er’r{ cpu.sp - 1] == 0) cpu.pc = nenfcpu.pc]; else cpu.pc++; }
rea
case STKMC prs
if (tracin ) fputs(BLANKS results);
| oop = menj cpu. pc];
CpuU. pc++;
ile (i nbounds(l oop) && neniloop] !'= 0)
{ putc(rmenil oop], results) | oop--; }
|bf (tracmg) putc(’\n’ results)
case STKI\/C > wgt
if (current == 0) ps = badsem
el se { cpu. sp++; wait (menfcpu.sp - 1]); }
br eak;
case STKMC si g
if (current == 0) ps = badsem
el se { cpu.sp++; signal (menfcpu.sp - 1]); }
br eak;
case STKMC cnd:
if (nprocs > 0)
{ process[nprocs] next = 1; /1 close ring
nexttorun = randon( nprocs) + 1; /'l choose first process at random
cpu.sp = parentsp, /1 restore parent stack pointer
reak;
case STKMC nfn:
ps = badfun; break;

case STKMC nst:
i f (inbounds(cpu.sp-STKMC headersize)) //
{ men{cpu.sp-5] = cpu. np; I
Cpu. mp = cpu. sp; I
cpu.sp -= STKI\/C header si ze; I

reak;
case STKMC add:
Cpu. sp++;
(i nbounds( cpu.
br eak;
case STKMC sub:
Cpu. sp++;
i (inbounds(cpu.
br eak;
case STKMC nul :
c u. Sp++;
(Lnbounds(cpu

b
case STKMC dvd:
cpu. sp++;
i $|nbounds(cpu.
{1 (rrerr[cpu sp - 1] == 0)
ps = divzero;
el se
meni cpu. sp] /= men{cpu.sp - 1];

reak;
case STKMC eql:
c U. sp++;
(i nbounds(cpu. sp)) menicpu.
break
case STKMC . neq:
c u. sp++;
(i nbounds(cpu. sp)) menicpu.
break
case STKI\/C_I SS:

sp)) menfcpu. sp]

sp)) men{cpu.sp] -=

sp)) menfcpu. sp]

Sp)}

sp]

sp]

(menf cpu. sp]

(menf cpu. sp]

check space avail abl e
save nmark pointer
set mark stack pointer
bunp stack pointer

+= men{cpu.sp - 1];

meni cpu.sp - 1];

*= menfcpu.sp - 1];

nmenf cpu.sp - 1]);

I'= nenfcpu.sp - 1]);



voi d STKMC: :

i
p

cPu Sp++;
(| nbounds(cpu.
br eak;
case STKMC . geq:
cPu Sp++;
(| nbounds(cpu.
br eak
case STKMC > gtr:
c u(spg+ ds
i nbounds( cpu.
break
case STKI\/C | eq:
cPu Sp++;
(| nbounds(cpu.
br eak
case STKI\/C_neg:
if (inbounds(cpu.
br eak;
ca_sfe STKMC val :
i
rren[ cpu. sp]
bre

case STKI\/C st o:
c u. sp++;

sp))

sp))

sp))

sp))
sp))

(i nbounds(cpu. sp

men{ cpu.

nmeni cpu.

neni cpu.

meni cpu.

meni cpu. sp]

sp]

sp]

(menf cpu. sp]

(meni cpu. sp]

(menf cpu. sp]

(menf cpu. sp]

-meni cpu.

&&. i nbounds(menf cpu. sp]))

men{ cpu. sp] | ;

(i nbounds(cpu. sp) && |nbounds(rre]n{ cpu.spl))

men{ menf cpu. sp]]
Cpu. sp++;
br eak;
case STKMC ind:

if ((rrenfcpudsp + 1] <0) ||

ps bad

el se

{ c

p += 2

reak;
case SEgM: (stk
st ackdunp(i nitsp,
case STKIVC hlt:
ps = finished;
case STKMC. i nn:
dat a,

i f $|nb0unds
{1 (fscanf

ps = baddat a;
el se

Cpu. sp++;

reak;
case STKMC prn

results,

br eak;

"o,

if (tracing) fputs(BLANKS,

CpuU. Sp++;

i
if E
br eak;
case STKI\/C_nI n:
putc(’'\n’
case STKMC nop
br eak;
def aul t:
ps = badop;

tracing) putc(’

br eak;

n
e S == runni ng)

{ char fil ename[256

FI LE *dat a,

bool
char

prlntf(

i
{

f

t

0
ac
in
(

e
(
n

*resu]ts;
raC| ng,

eply

upper(reply) ="

= toupper(reply
tf "\nData]flle r
0

== 0’ )

fil enamsl;
data =

d
prlntf( tak| ng data fromstdin\n");
t TDOUT] 2 ")

f("\nResults file [S

i nbounds(cpu. sp

results);

\nTrace execut i on (y/INq
reply = getc(stdl n);
1le (dummy !=
STDI N|

open(f| | enane,

2) fprintf(results,
resul ts);

n,

=Y ;
? I|)
data =

)

pcnow) ;

men{ cpu. s
(rmenfcpu.sp + 1]

u.s
(i nbounds(cpu sp)) nenicpu. sp]

cpu. s && i nbounds(meni cpu. s
X P) &nen{ne%{cghgp]]

br eak;

1))

results);

br eak;

exttorun !'= 0) chooseprocess();

p ;
s !'= finished) postnorten(results,
i nterpret(STKMC address codel en,
?9 ll);

u =re
thi) “aumty = gbt it

" o%d",

pcnow) ;

getc(stdl n);

; gets(filenane);
NULL;

?

data = stdin;
get s(fil enane);

spl;

-= men{cpu. sp -

== 0)

nmenf cpu. sp -

}

< nmenfcpu. sp -

>= nenf cpu. sp -

> nenfcpu. sp -

<= menf cpu. sp -

>= men{ cpu. sp]))

1];

11);

STKMC_address initsp)

1]);

11);

1]);

11);



if(
el se
if (

}
}

filename[ 0]

STKMC: : STKMC()
{ for (int
// Initialize menoni

menoni
mmenoni
menoni
menoni
menoni
menoni
mmenoni
menoni
menoni
menoni
menoni
menoni
menoni
menoni
menoni
menoni
menoni
menoni

= 0; i <= STKMC nensi ze -

STKMC add
STKMC brn
STKMC cal
STKMC cnd
STKMC dvd
STKMC frk
STKMC

STKMC I nd
STKMC | eq
STKMC | ss
STKMC nul
STKMC_neq
STKMC nl n
STKMC nul
STKMC prs
STKMC si g
STKMC st o
STKMC val

T nnnnne

f =="\0 ? resu
| se results = fopen(fl

f (results == NULL)
{ printf("sending results to stdout\n");

emul ator(O codel en,

if (results I'= stdout

if (data != stdin) fc

enarne,

[ts = NULL;

W)

results = stdout; }

initsp, data, results, tracing);
? fcl ose(resul ts);
ose(data);

1, i++) menfi] = 0;
table this way for ease of nodification in exercises
"ADD'; mmenpni cs[ STKMC adr] = "ADR';
"BRN'; menoni cs| STKMC bze]l = "BZE";
"CAL"; mmenoni cs| STKMC cbg] = "CBG';
"CND'; mmenoni cs| STKMC_ ds[) = "DSP";
"DVD'; mmenoni cs|[ STKMC eq = "EQL";
"FRK"; menoni cs[ STKMC ge = "CGEQ';
"GIR'; menoni cs[ STKMC hlt] = "HLT";
"I'ND'; mmenonics| STKMC inn] = "I NN';
"LEQ'; menonics[STKMC |Iit] = "LIT";
"LSS"; menoni cs| STKMC nst] = "MST";
"MJL"; menoni cs[ STKMC neg] = "NEG';
"NEQ'; menoni cs[ STKMC nfn] = "NFN';
"NLN'; menoni cs| STKMC nop] =" "
"NUL"; menoni cs| STKMC prn] = "PRN';
"PRS"; menoni cs| STKMC ret] =" "
"SIG'; menoni cs[ STKMC stk] =" "
"STO'; menoni cs| STKMC sub] = "SUB";
"VAL"; menoni cs| STKMC wgt | = "WGT";
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Appendix C
Cocol grammar for the Clang compiler/interpreter

This appendix gives the Cocol specification and frame file for constructing a compiler for th
language as developed by the end of Chapter 18, along with the source for the tree-buildin
generator.

clang.atg cgen.h| cgen.cpd clang.frm

----- clang. at g --------m o m e

$CX
COWPI LER C anP )
/* C!_ANlGIeved I4 grammar - function, procedures, paraneters, concurrency
spl ay nodel .
Bui | ds an AST for code generation.
P.D. Terry, Rhodes University, 1996 */

#i ncl ude "m sc. h"
#i ncl ude "set.h"

#i ncl ude "table.h"
#i ncl ude "report. h"
#i ncl ude "cgen. h"

typedef Set<7> cl assset;
bool debug;

int bl ocklevel;

TABLE_i dcl asses bl ockcl ass;

extern TABLE *Tabl e;
extern CGEN *CGen;

/* __________________________________________________________________________ */
| GNORE CASE
| GNORE CHR(9) .. CHRng)
COWENTS F "(** TO "
CHARACTERS
cr = CHR(13
| f = CHR(10) . B
lett er = " ABCDEFCHI JKLMNOPQRSTUVW\KYZabcdef ghi j kI mopqr st uvwxyz"
digit = "0123456789" .
instring = ANY - "*" - ¢cr - If
TOKENS
identifier = Ietter { Ietter | digit }
nunber = digit digit f . ] )
Strlng =lI1l (Instrlng II1!I|) { InStrlngl msy o on } maIn
PRODUCTI ONS
Cd ang
= (. TABLE entries entry; TABLE index index; .)
" PROGRAM'
| dent <ent ry. nanme> (. debug = (strcnp(entry name, "DEBUG') == 0);
entry.idcl ass TABLE_pr ogs;
Tabl e- >ent er(entr , index);
Tabl e- >openscope(¥' )
VEAK " "

Bl ock<entry | evel +1, TABLE_ progs, 0>

Bl ock<i nt bl kl evel, TABLE_ i dcl asses bl kclass, int initialfranesize>
= (. int framesize = initialfranesize;
CGEN_| abel s entrypoint; )
CGen- >Lurrp(entryp0| nt, CGen->undefi ned);
if (blklevel > CGEN Ievnax) SenError(213); .)
SYNC
{ ( Const Decl ar ati ons
| VarDecl ar ati ons<franesi ze>



| ProcDecl aration
) SYNC } (. /* bl ockclass, blocklevel global for efficiency */
bl ockcl ass = bl kcl ass; bl ockl evel = bl kl evel;
CCGen- >backpat ch(ent rypoi nt L;
/* reserve space for variables */
CGen- >openst ackf rane(franesi ze
- initialfranmesize); .)
ConpoundsSt at enent (. switch (bl ockcl ass)
{ case TABLE progs :
CGen- >| eaveprogramn(); break;
case TABLE procs :
CGen- >| eavepr ocedur e( bl ockl evel ); break;
case TABLE_funcs :
CGen- >f uncti oncheck(); break;

|}f (debug) /* denonstration purposes */
Tabl e->printtabl e(stdout);
Tabl e- >cl osescope(); .)

Const Decl ar ati ons
= "CONST" OneConst { OneConst }

OneConst ) ) )
= E TABLE entries entry; TABLE index index; .)
| derl1<t <entry. nane> . entry.idclass = TABLE consts;

Nunber <entry. c. val ue> (. Table->enter(entry, index) .)

1

Var Decl ar ati ons<i nt &f ranesi ze>
= "VAR' OneVar<franesize> { WEAK ", " OneVar<franesi ze> } ";"

OneVar <i nt &franesi ze>

= (. TABLE entries entry; TABLE index index;
entry.idclass = TABLE vars; entry.v.ref = fal se;
entry.v.size = 1; entry.v.scalar = true;
entry.v.offset = franesize + 1; .)

| dent <ent ry. nanme>
Upper Bound<entry.v.size> (. entry.v.scalar = false; .)
(. Table->enter(entry, index);

framesi ze += entry.v.size; .)

Upper Bound<i nt &si ze> )
= "[" Nunber<size> "]" (. size++; )

ProcDecl aration ) ) )
= . TABLE entries entry; TABLE index index; .)

" PROCEDURE" . entry.idclass TABLE procs;
" FUNCTI ON' . entry.idcl ass TABLE_ft uncs; ]
) ldent<entry. name> . entry.p.parans = 0, entry.p.paransi ze = 0,

entry.p.firstparam = NULL;

CGen- >st orel abel (entry. p.entrypoint);
Tabl e->enter(entry, index);

Tabl e- >openscope({ J)

Lormal Par anet er s<ent ry> (. Tabl e->update(entry, index) .)

.'.3| 90k<enf ry.level +1, entry.idclass, entry.p.paransize + CGEN_headersi ze>

1

For mal Par amet er s<TABLE_entri es &proc>
= (. TABLE index p; .)
"(" OneFormal <proc, proc.p.firstparans
{ VWEAK "," OneFornmal <proc, p>1} ")"
OneFor mal <TABLE entries &proc, TABLE index & ndex>
= (. TABLE entries fornal;
formal.idclass = TABLE vars; formal.v.ref = fal se;
formal .v.size = 1; formal.v.scalar = true;
formal .v. of fset = proc. p. paransi ze
+ CCEN_headersize + 1 .)
| dent <f or mal . nane>

| I (. formal.v.size = 2; formal.v.scalar = fal se;
formal .v.ref = true; .
] (. Table->enter(formal, index);

proc. p. paransi ze += formal .v. si ze;
proc. p. parans++; .)

OonpoundSt at enent
= "BEG@ N' Statenent { WEAK ";" Statenent } "END'

St at ement )
= SYNC [ ConpoundStatenent | AssignmentOrCall | ReturnStatenment



Whi | eSt at enent
Cobegi nSt at enent Semaphor eSt at ement
ReadSt at enent WiteStatenment
" STACKDUWP" (. CGen->dunmp(); .)

| f St at enent

]

Assi gnment Or Cal |
= (. TABLE entries entry;

AST des, exp;.
Desi gnat or <des, cl assset(TABLE vars, TABLE procs), entry, true>

* a53|gnrrent */ (. if (entry idclass != TABLE_vars) SenError(210); .)
": =" Expression<exp, true>
SYNC . CCGen->assign(des, exp); .)
| /* procedure call */ (. if (entry.idclass < TABLE procs)

SenError(ZlO?< return;
CGen- >mar kst ack( des entry | evel ,
entry p. entrypoi nt) )
Act ual Par anet er s<des, entry>
| (. CGen->call (des); .)
Desi gnat or <AST &D, cl assset ?I | owed, TABLE entries &entry, bool entire>

TABLE al fa nane;
AST index, size;

bool found;
D= CGen->enﬁtyast()
| dent <nane> (. Tabl e->search(nane entr found) ;

if (!found) SerrError(202
if (!'allowed. nenb(entry. |ch ass)) SenEkrror(206);
if (entry.idclass != TABLE vars) return;
CGen- >st ackaddress(D, entry. IeveI entry v. of f set,
entry.v.ref
( " (. if (entry.v.scalar) SerrError(204) 2)
Expr essi on<i ndex, true>
(. if (lentry.v.scalar)
/* determ ne size for bounds check */
{ if (entry.v.ref)
CCen- >st ackaddr ess(si ze, entry.level,
entry.v. of set + 1, fal se);
el se
CGen- >st ackconst ant (si ze, entry.v.size);
CGen->subscript(D, entry.v.ref, entry.|evel,
- entry.v.of fset, size, index);

| (. if glentryvscalar)
{ i gentrre) SenError (205);
if (entry.v.ref)
CCGen- >st ackaddr ess(si ze, entry.level,
entry.v.offset + 1, false);
el se
CCen- >st ackconst ant (si ze, entry.v.size);
CGen- >st ackr ef erence(D, entry v.ref, entry.level,
entry.v. offset, size{;

P
)
Act ual Par anet er s<AST &p, TABLE entries proc>
= int actual = 0; .)
(" . actual ++; .
OneAct ual <p, (*Tabl e).i srefparan( pr oc, actual)>
WEAK ", " . actual ++; .
eActual <p, (*Table).isr ef par an( pr oc, actual)>1} ")"
(. (act ual = proc. p. parans) SenError(209); .)

OneAct ual <AST &p, bool byref> AST
- Expressi on<par, !byref> E: i f (Eyref && | CGen- >i sr ef ast(par)) SenError (214);
CGen- >l i nkpar anmeter(p, par); .)

Ret ur nSt at enent
= (. AST dest, exp; .)
" RETURN'
( (. if (blockclass != TABLE funcs?( SerrError(219)
CGen- >st ackaddr ess(dest, bl ockl evel fal se) )
Expr essi on<exp, true>
CGen- >assi gn( dest, F
CGen- >| eavef uncti on(b ockl evel ) L)
| /* enmpty */ (. switch (bl ockcl ass)
{ case TABLE procs :
CCGen- >l eavepr ocedur e( bl ockl evel ); break;
case TABLE progs :
CCen- >l eaveprogram(); break;



c?se TABLE _funcs : SenError(220); break;
| .

| f St at enent
= (. CCGENI abel s testl abel;
AST C .
"I'F" Condition<C> "THEN' (. CGen->j urrﬁonf al se(C, testlabel, CGen->undefined)
St at enent . CGen-> patch(testlabel); .) .

Whi | eSt at enent
= (. CSEN Icabel s startloop, testlabel, dummyl abel;

"VH LE" . CGen- >ét orel abel (startl OOP ? )
gondl tion<C "DO' . CGen->jumponfal se(C, test abe CGen- >undef i ned)
t at enent

CCGen- > rrE(du nmyl abel , startl oop)
CGen- >backpat ch(testl abel) J)

Condi ti on<AST &C>
= (. AST E;

CGEN operators op; .)
Expressi on<C, true>
(  Rel Op<op>

ExpreSS|on<E true> E CGen->conparison(op, C, E); .)
)| /* Mssing op */ . SynError(91) .)

Cobegi nSt at emrent

(. int processes = 0;
CGEN | abel s start; .
" COBEGQ N (. if (Dblockclass | = TABLE progs) Senktrror(215);
CGen- >cobegi n(start); .)
ProcesscCal | . processes++;
{ WEAK ";" ProcessCal | . processes++;
" COEND" (. CGen->coend(start, processes); .)
ProcesscCal |
= (. TABLE entries entry;
AST P; .
Desi gnat or <P, cl assset ( TABLE Procs) entr?/ true>
(. (entry.idclass < TABLE procs) return;

OGen >mar kst ack(P, entry.Tevel,

entry. p. entrypon nt); .)
Act ual Par anmet er s<P, entry>
. CGen->forkprocess(P); .)

Semaphor eSt at enent )
= (. bool wait;

AST sem .)
( "WAIT . wait = true; .)
) | "SI GNAL" . wait = false; .)
"(" Variabl e<senr (. if (wait) CGen->waitop(sen);
"y el se CGen->signal op(sem; .)

ReadSt at enent

= . AST V;, .
"READ' " (" Vari abl e<Vv> . CGen->r eadval ue .
i V\jEAK ", " Variabl e<Vv> CGen- >r eadval ue ;

Vari abl e<AST &V>
= (. TABLE entries entry; .)
Desi gnat or <V, cl assset (TABLE vars), entry, true> .

WiteStatenent
= "WRITE" [ "(" WiteElement { WEAK "," WiteEl ement } ")" ]
(. CGen- >neV\A|ne() )

Wit eEl ement
= (. AST exp;
char str[600];
CCGEN_| abel s startstring; .)
String<str> (. CGen->stackstri nggstr startstring);
CGen->writestring(startstring); .)
| Expression<exp, true> (. CCen->writeval ue(exp)

Expr essi on<AST &E, bool entire>
= (. AST T;
CGEN operators op;

= CGen->enptyast(); .)



( "+" TernxE, true>
"-" TernxkE, true> (.
TernxE, entire>

% AddQp<op> Ter nkT, true>(.
Ter nkAST &T, bool entire>

Faz:t or <|T,Openti re>

Mu <op>

/* mssing op */ .
) Factor<F, true>

Fact or <AST &F, bool entire>

(.

Act ual Par anet er s<F, entry>
Nurber <val ue> .
"(" Expression<F, true> ")"

AddOp<CGEN _operators &op>
= "t
| mo
wul quE:gEN_oper ators &op>
- | lI/ "
Rel Op<CGEN _oper ators &op>
" on
" oon
o

[N

| dent <char *nane>
= identifier (.

String<char *str>
= string (.

Number <int &nune
= nunber (.

CCGen- >negat ei nt eger (E) ;

CGen- >bi naryi ntegerop(op, E, T);

AST F;
CGEN operators op; .)

SynEr

ror(92); op =
CGen- >bi nar yi nt eger op( op,

CCEN_opmul ;
T, F);

TABLE entries entry;

|ntv

al ue;

) CGen- >errptyast()
Desi gnat or <F, cl assset (TABLE consts TABLE v

CGen- >st ackconst ant (F,

r
cas
cas

eturn;

-)

-)

)
ars, TABLE - funcs),
switch (entry idcl ass)
{ case TABLE consts :

e TABLE procs :

e TABLE fun

CS

CGen- >mar kst ack(F,
entry.p. entryp0| nt);

case TABLE vars :
case TABLE progs :

r

)

CGen- >st ackconst ant (F, val ue)

op =
op =

op
op

]
©
I

LexName(nane, TABLE al fal ength);

char
LexS;
int i

}
strcpy(str,

eturn;

CCEN_opadd,;
CCEN_opsub;

CCEN_opmul ;
CCEN_opdvd,;

CCEN_opeq! ;
CGEN_ opneq,
CGEN_opl ss;
CGEN opl eq;
CGEN _opgtr;
CGEN _opgeq;

| ocal [ 100
rin ( oca

i])
| oc
\O

char str[100];

si zeof (1 ocal)

entry.level,

)

)

)

/* strlp quotes */

a[|+1]

i ++:

}

/* find internal

local); .)

git, overflow = 0;
1);

|
7=
-
cal (1)

ocal [j +1];

j +t;

entry,

1);

entire>

entry. c.val ue);

br eak;

quotes */

}

int i =0, I, di

num = O;

LexStrlng(str S|zeof(str) -

I —strlen(str)

while (i <=1 &&lsdlglt(str[l])) {
digit =str[i] - 'O
if (num <= (nmaxint -

d| glt) / 10)



num= 10 * num+ digit;

el se overflow = 1

|}f (overflow) SenError(200); .)

Code Generation for Clang | evel 4 conpiler/interpreter

AST version for stack nachi ne (OOP)

Di spl ay machi ne.
P.D. Terry, Rhodes University, 1996

/1
/1
H I ncl udes procedures, functions, paraneters, arrays,
/1

#i f ndef CGEN_H
#define CGEN_H

#i ncl ude "m sc. h"
#i ncl ude "stknt. h"
#i ncl ude "report. h"

#defi ne CGEN _headersi ze STKMC headersi ze
#defi ne CGEN_| evmax STKMC_| evimax

enum CGEN _operators {

concurrency.

CGEN opadd, CGEN opsub, CGEN opnul, CGEN opdvd, CGEN opeql, CGEN opneq,

CGEN [ opl ss, CGEN opgeq, CGEN opgtr, CGEN opl eq

struct NODE;
t ypedef NODE * AST;
t ypedef short CGEN | abel s;

cl ass CGEN {
public:
CCGEN | abel s undefi ned; // for forward references

CGEN( REPORT *R) ;
/1 Initializes code generator

AST enptyast (void);
/1 Returns an errpty (undefined) AST

bool isrefast(AST a);

/1 Returns true if a corresponds to a reference AST

voi d negatei nteger (AST & ); ]
/1l Cenerates code to negate integer i

voi d bi naryi nt eger op( CGEN operators op, AST &,

AST &)

/'l Generates code to performinfix operation op on I,

voi d conpari son( CCEN _operators op, AST &, AST &r);
/| Generates code to perform conparison operatlon oponl, r

voi d readval ue(AST i);
// Generates code to read value for i

void witeval ue(AST i); ]
/1l Cenerates code to output value i

void new i ne(void);
/1 Generates code to out put |ine mark

void witestring(CGEN_| abel s | ocation);

r

/1 Cenerates code to output string stored at known | ocation

void stackstring(char *str, CCEN_|abels & ocation); )
/1 Stores str in literal pool in menmory and return its |ocation

voi d stackconstant (AST &c, int nunber);

// Creates constant AST for constant ¢ from nunber

voi d stackaddress(AST &, int level, int offset,
/I Creates address AST for variable v with known |evel,

voi d dereference(AST &a);

bool

byref);
of f set

/1 Cenerates code to repl ace address a by the value stored there

voi d stackreference( AST &base, bool byref,

int level, int offset, AST &size);



/] Creates an actual paranmeter node for a reference paraneter correspondi ng
/1l to an array with given base and size

voi d subscri pt (AST &base, bool byref,

int level, int offset, AST &size, AST & ndex);
/1 Prepares to apply an index to an array with given base, wth checks
// that the limt on the bounds is not exceeded

voi d assi gn(AST dest, AST expr);
/1 Cenerates code to store value of expr on dest

voi d openstackframe(int size); ) )
/'l Cenerates code to reserve space for size variables

voi d | eaveprogran(voi d);
/1 Cenerates code needed to | eave a program (halt)

voi d | eaveprocedure(int bl ocklevel); )
/1l Cenerates code needed to | eave a regul ar procedure at a given bl ockl evel

voi d | eavefunction(int blocklevel); ] ]
/1 Generates code needed to | eave a function at given bl ockLevel

voi d functioncheck(void); )
/! Generates code to ensure that a function has returned a val ue

voi d storel abel (CGEN_| abel s & ocation); ) ) )
/1 Stores address of next instruction in |ocation for use in backpatching

voi d junp(CGEN_I abel s &ere, CGEN_| abel s destination);
/'l Generates unconditional branch fromhere to destination

voi d j unponfal se(AST condition, CGEN_| abels &here, CGEN_| abel s destination);
/1l Generates branch fromhere to destination, dependent on condition

voi d backpat ch( CGEN_| abel s | ocati on); )
/] Stores the current |ocation counter as the address field of the branch
/1 instruction currently held in an inconplete format |ocation

voi d markstack(AST &p, int level, int entrypoi ntz); )

/] Generates code to reserve mark stack storage before calling procedure p
/1 with known | evel and entrypoint

voi d |inkparaneter (AST &P AST &par);

/1 Adds par to the actual parameter list for call to procedure p
void cal | (AST &p);

/| Generates code to enter procedure p

voi d cobegi n(CGEN_| abel s & ocation); )

/1 Generates code to initiate concurrent processing

void coend(CGEN_| abel s | ocation, int number); )

/1 Generates code to terminate concurrent processing

voi d forkprocess(AST &p);

/1l Cenerates code to initiate process p

voi d signal op(AST s); ] ] ]

/'l Generates code for semaphore signalling operation on s

voi d wait op( AST s); ) )
/'l Generates code for semaphore wait operation on s

voi d dunp(void); )
/1 Cenerates code to dunp the current state of the evaluation stack

voi d getsize(int &codel ength, int & nitsp);
/1 Returns length of generated code and initial stack pointer

int gettop(void);

/| Returns codetop
void emt(int word);
/!l Emts single word

private:
REPCRT *Report;
bool generati ngcode;
STKMC addr ess codet op, stktop;
voi d bi naryop( CGEN operators op, AST & eft, AST &ight);



#endi f /*CGEN_H*/

----- COEN. CPP = === - - == s m o s s oo m e ooooooo----

/1 Code Ceneration for Cang Level 4 conpiler/interpreter

/1 AST version for stack machi ne (OOCP)

/1 1ncludes procedures, functions, paraneters, arrays, concurrency.
/1 Display nmachine.

/1 P.D. Terry, Rhodes University, 1996

#i nclude "m sc. h"

#i ncl ude "cgen. h"

#i ncl ude "report. h"
extern STKMC *Machi ne;
extern CGEN  *CGen;
extern REPORT *Report

/] ++++++++++++++ AST node cl asses +++++++++++++++++++++++++++++++++++++++++

struct NODE {

int val ue; /1 value derived fromthis node

bool defi ned; [l true if value is defined (for constant nodes)
bool refnode; /1 true if node corresponds to a reference

NODE( ) { defined = fal se; refnode = false; }
virtual void emtil(void = 0;

virtual void emt2(void = 0;

virtual void |ink(AST next) = 0;

}s

struct BI NOPNODE : public NODE {
CGEN operators op,
AST Teft, right;
Bl NODNODE(CGEN operators O AST L, ASTR) { op=0C left =1L; right = R }
virtual void enmti1(void /1 | oad val ue onto st ack
virtual void emt2(void ;
virtual void |ink(AST next) ;

}s

voi d Bl NOPNODE: : eni t 1( voi d) ) ) )
/1 1oad value onto stack resulting frombinary operation
{ bool folded = fal se;

i f Sleft && right)

{ I/ Some optimzations (others are |eft as an exerci se?(
/1 These need i nprovenent so as to performrange checking
switch (op)
{ case CCEN opadd:
if (I’I?ﬁt >def|ned &% right->value == 0) // x + 0 = x

t->emt1(); folded = true; I
else if (left- >def i ned &&Ieft >val ue
{ right->emt1(); folded = true; }

br eak;

==0) // 0+x =X

case CGEN _opsub:
if (I’I?ﬁt >def|ned&&r|ght >value == 0) // x - 0 =X
t->emtl(); folded = true;

else if (left- >defined & | eft->val ue == ) I/ 0 - x =-x
b{ Ir(lght->emtl() CGen->em t (i nt (STKMC _neg)); folded = true; }
rea

case CGEN opmul :
if (r|1gﬁt >def|ned &% right->value == 1) // x * 1 = X
t->emtl(); folded = true; i
else if (left- >def|ned && left->value ==1) // 1 * x =
{ right->enmit1(); folded = true;
elsel (right- >def i ned &&rlght >val ue == =0)// x*0=0
?ht >em t1(); folded = true;
else i (Ieft->def|ned && | eft->val ue == 0) // 0* x =
b Left >emtl(); folded = true; }
rea

case CGEN opdvd:
if (right->defined &% r|ght->val ue =1) // x| 1 =x
{ left->emt1(); folde true;
else if (right- >defined && right- >value ==0) // x/ 0 =error
b{ Report >error(224) folded = true; }
r
/'l no foI ding attenpted here for relational operations

|
x

|
o

|}f_$'fod ed) ) _ ) _ _
{ it (left) left->emitd(); if (right) right->emt1();



\ CGen->enit (i nt (STKMC add) + int(op)); // careful - ordering used
if (left) delete left; if (right) delete right;

struct MONOPNODE : public NODE {
CCEN operators op; // for expansion - only negation used here
AST oper and;
MONOPNODE( CGEN_oper at ors (0} AST E) { o O operand = E;
virtual void emtl(void | oad vaI ue onto stack
virtual void emt2(void ;
virtual void |ink(AST next) ;

}s

voi d MONOPNODE: : emit 1( voi d)

/1 1oad value onto stack resulti ng fromunary operation

{ if (operand) { operand->enitl(); del ete operand; }
CGen->enit (1 nt (STKMC_neq));

struct VARNCDE : public NODE {

bool ref; [/l direct or indirectly accessed
int |evel; /1l static |evel of declaration
int offset; /1 offset of variable assigned by conpiler
VARNODEL{;} /| default
VARNCDE( bool byref, int L, int O

ref = byref; level = L; offset = Q
virtual void emt1(void); // |l oad variable value onto stack
virtual void enmit2(void); /1 load variable address onto stack
virtual void |ink(AST next) {;}

}s

voi d VARNCDE: : eni t 1(voi d)
/1 Toad variable val ue onto stack
{ emt2(); CGen->emt(int(STKMC val)); }

voi d VARNCDE: : emi t 2( voi d)

// load variabl e address onto stack )
CCen->emi t (i nt (STKMC_adr)); CGen- >emt(|eve|); CGen->enit (-offset);
if (ref) CGen- >emt(|nt(STKl\/C val));

struct | NDEXNODE : public VARNCDE

AST si ze; /1 for range checking
AST i ndex; [l subscripting expression
| NDEXNODE( bool byref, int L, int O AST S, AST I|)
ref = byref; | evel = L; offset = Q S|ze:S; index = 1; }
virtual void emt2(v0| d); /1 load array el enent address and check

) virtual void |ink(AST next) {;}

voi d | NDEXNCDE: : emi t 2( voi d)
/1 1oad array el enent address and check in range
CCen->em t (i nt (STKMC adr)); CGen->emnit(level); CGen->enit(-offset);

if (ref) CGen- >emt(|nt(STKMC val));
!¥ i ndex) { index- >emt1() del ete index; }
i

si ze) E si ze- >emt1(; del ete size;
CGen->em t (i nt (STKMC_ i nd));

}
/1 void | NDEXNCDE: : enit1(void) is inherited from VARNODE

struct REFNODE : public VARNODE {

AST si ze;
REFNODE( bool byref, int L, int O AST S
{ ref = byref; level = L; offset = O size = S; refnode = 1;
virtual void emtl(void); /1 load array argunent address and size

virtual void enit2(void ;
virtual void |ink(AST next) ;

}s

voi d REFNCDE: : emi t 1(voi d)
// | oad array ar unent address and size
CGen->emi t STKMC_adr)); CGen->enit(level); CGen->enit(-offset);
if (ref) n >emit (i nt(STKMC val));
if (size) size->enit1(); delete size; }

struct CONSTNODE : public NODE {
CONSTNODE(i nt V) ; value =V, defined = true; }
virtual void emtl1(void); / |l oad constant val ue onto stack
virtual void emt2(void ;
virtual void |ink(AST next) ;



}s

voi d CONSTNODE: : emit 1(voi d)
// 1 oad constant val ue onto stack
{ CGen->emt(int(STKMC_|lit)); CGen->enit(value); }

struct PARAMNODE : public NODE {
AST par, next;
PARAMNODE( AST P } par P; next = NULL;
virtual void emtl(void); / Ioad actual paraneter onto stack
virtual void emt2(void ;
virtual void |ink(AST param next = param }

}s

voi d PARAMNODE: : emit 1( voi d)
/1 1oad actual paraneter onto stack
{ if (par) { par->emtl(); delete par; }
if (next) { next->emt1(); delete next; } // followlink to next paraneter

struct PROCNCDE : publlc NODE;
int |evel, entry oint; [/l static level and first instruction
AST firstparam astpar am // pointers to argunent |ist
PROCNODE(I nt L, int ent)
level = L; entrypoint = ent; firstparam = NULL; |astparam = NULL; }
virtual void emtl(void); [l generate procedure/functl on call
virtual void emt2(void); I Penerate process call
virtual void |ink(AST next); /1 Tink next actual paraneter

}s

voi d PROCNCDE: : emi t 1(voi d)
/1 generate procedure/functl on call
CCen- >emt(|nt(STKI\/C nst )
if (firstparam flrstr)aram>emt1() delete firstparam }

CGen->eni t (i nt (STKMC _ca
CCen->enit(level);
CGen->em t (entrypoint);

}

voi d PROCNCDE: : emi t 2(voi d)
/1 generate process call
CGen->enit (i nt (STKMC_nst));
if (firstparam %flrstﬁaram>emt1() delete firstparam }
CGen- >emt |nt(S KMC_f r k)
CGen->emi t (entrypoint);

~PROCNCDE: : | i nk( AST par am
i nk next actual par aret er

('firstparam firstparam = param else |astparam >link(paranm;
t param = par am

| +++++++++++++++ code generat or CONStruCt Or +++++++++++++++++tt+ttt++

CGEN: : CGEN( REPORT *R)
{ undefined = 0; /1 for forward references (exported)
Report = R
gener ati ngcode = true;
codetop = 0;
stktop = STKM:_rrerrsize - 1

void CGEN: :emit(int word)

/1 Code generat or for single word

{ f E gener atingcode) return;
codetoE >= stktop) { Rei)ort >error(212); generatingcode = false; }
i

i
if
el se ne- >menf{ codet op wor d; codetop++

bool CGEN: : |srefast¥AST a)
{ return a & a->refnode; }

/] +++++++++++++++ routines that build the tree +++++++++++++++++++++++++

AST CGEN: : enpt yast (voi d)
{ return NULL; }

voi d CCEN: : negat ei nt eger (AST &) ) )
{if (i &&|->def|ned) { i->value = -i->value; return; } // sinple folding
i = new MONOPNODE( CGEN_opsub, i);



oi d CGEN: : bi naryop( CGEN_operators op, AST & eft, AST &right)
if SI eft & right && left->defined && ri ght->def| ned)
{ Il si hrrpl e ;:onstant folding - better range checki ng needed
switc op
{ case CGEN opadd: |eft->value += right->val ue; break;
case CGEN opsub: |eft->value -= right->val ue; break;
case CGEN opmul : left->value *= right->val ue; break;
case CGEN opdvd:
if (right->value == 0) Report->error(224);
gl sekl eft->value /= right->val ue;
rea

v
{

case CGEN | opl ss: left->value = (left->value < right->val ueg; br eak;
case CGEN opgtr: left->value = (left->value > right->val ue); break;
case CGEN opleq: left->value = (left->value <= right->val ue); break;
case CGEN opgeq: left->value = (left->value >= right->value); break;
case CGEN opegl: left->value = (left->value == right->val ue); break;
case CGEN opneq: left->value = (left->value != right->value); break;

}
delete right;
return;

eft = new Bl NOPNODE(op, left, right);

voi d CCGEN: : bi naryi nt egerop(CGEN operators op, AST &, AST &)
{ binaryop(op, I, }

voi d CCEN: : corrparl son( CGEN_operators op, AST &, AST &)
{ bi naryop(op , )}

voi d CCEN: : stackconstant(AST &c, int nunber)
{ ¢ = new CO\ISTNODE(nunber)

voi d CCEN: : stackaddress(AST &, int level, int offset, bool byref)
{ v = new VARNODE( byref, level, offset); }

void CCGEN :|inkparaneter (AST &p, AST &par)
{ AST param = new PARAMNODE( par); p->li1nk(param; }

voi d CCEN: : stackreference( AST &ase, bool byref, int level, int offset,
) AST &si ze) )
{ if (base) del ete base; base = new REFNODE( byref, |evel, offset, size); }

voi d CCEN: : subscri pt(AST &bdase, bool byref, int level, int offset,
T &size, AST & ndex)
/1 Note the folding of constant i ndexi ng of arrays, and conpile tine
/1 range checking
{ |f_$'|ndex || Tindex->defined || !size || !size->defined)
{ if (base) del ete base;
base = new | NDEXNODE( byref, | evel, offset, size, index);
return;

|}f (unsi gned(i ndex->val ue) >= size->value) // range check i mediately
Report->error(223);

el se

{ if (base) del ete base;
base = new VARNCDE(byref, |evel, offset + index->value);

}
del ete i ndex; delete size;

}

voi d CCEN: : mar kst ack( AST &p, int |evel, int entrypoint)
{ p = new PR(I:N(])E(I evel, entrypoint);

[l +++++++++++++++ code generation requiring tree wal k ++++++++++++++++++

voi d CCEN: :j unponfal se( AST condl tion, CCEN_| abels &here,
CGEN | abel s desti nati on)

{ if (condition) { condition->enit 1(; del ete condition; }

) here = codetop; emt(int(STKMC bze)); enit(destination);

i d CCEN: :assign(AST dest, AST expr)
f Edest; I dest - >emi t28; del ete dest; }
if (expr expr->emt1(); delete expr; emt(int(STKMC sto)); }

if (i) { i->emt2(); delete i; } enmt(int(STKMC_inn)); }

0i ? CGEN: : writeval ue(AST i

v
{ i
}
}/oi d CCEN: :readval ue(AST i)
}/ (i) { i->emtl(); dele%el } emt(int(STKMC prn)); }



voi d CCEN: : new i ne(voi d)
{ emt(int(STKMC nln)); }

void CCEN::writestring(CGEN_| abels | ocation)
{ emt(int(STKMC prs)); emit(location); }

voi d CCEN: : stackstring(char *str, CGEN_|abels & ocation)
{ int I = strlen(str);
if (stktop <= codetop + | + 1)
{ Report->error(212); generatingcode = false; return; }
| ocation = stktop - 1,
for (int i =0; 1 <1; i++) { stktop--; Machine->menistktop] = str[i];
st kt op--; Machi ne->neni stktop] = O;

voi d CCEN: : deref erence( AST &a)
{ /* not needed */ }

voi d CCEN: : openst ackframe(int size)
{ if (size >0) { emt(int(STKMC dsp)); emt(size); } }

voi d CCEN: : | eaveprogran(voi d)
{ emt(int(STKMC hlt)); }

voi d CCEN: : | eavefunction(int bl ocklevel
{ emt(int(STKMC ret)); enit(blocklevel); enmit(1); }

voi d CCGEN: : functi oncheck(voi d)
{ emt(int(STKMC nfn)); }

voi d CCEN: : | eaveprocedure(int bl ockl evel)
{ emit(int(STKMC ret)); enit(blocklevel); enmt(0); }

voi d CCGEN: : cobegi n(CGEN_| abel s &l ocat i ong ) )
{ location = codetop; enit(int(STKMC chg)); emt(undefined); }

voi d CCEN: : coend( CGEN | abel s | ocation, int nunber)
{ if (nunber >= STKMC Procmax) Report->error(216);
el se { Machi ne->nenfl ocation+1] = nunber; emt(int(STKMC cnd)); }

voi d CCEN: : storel abel (CGEN_| abel s &l ocati on)
{ location = codet op;

void CGEN :junp(CGEN_| abel s &here, CCGEN_|abels destination)
{ here = codetop; enit(int(STKMC brn)); enit(destination); }
voi d CCEN: : backpat ch( CGEN_| abel s | ocati on)
{ if (codetop == location + 2 &&
STKMC_opcodes( Machi ne->meni | ocati on]) == STKMC_brn)
codetop -= 2;

el se
Machi ne->meni | ocati on+1l] = codet op;

voi d CCEN: : dunp( voi dg
{ emt(int(STKMC stk)); }

voi d CCEN: : getsize(int &codel ength, int & nitsp)
{ codelength = codetop; initsp = stktop; }

int CGEN :gettop(void) { return codetop; }

----- clang. frm----c-c-moommme e e e
/* C ang conpil er generated by Coco/R 1.06 (C++ version) */

#i ncl ude <stdio. h>

voi d CCGEN: : cal | (AST &p)

{ if (p) { p->emtl(); delete p; } }

voi d CCEN: : si gnal opEAST s?

{ if (s) { s->enmit2(); delete s; } emt(int(STKMCsig)); }

voi d CCGEN: : wai t op( AST s) o

{ if (s) { s->emt2(); delete s; } emt(int(STKMC wgt)); }

voi d CCEN: : f or kprocess(AST &p)

{ if (p) { p->emt2(); delete p; } }

[l +++++++++++++++ code generation not requiring tree wal k ++++++++++++++

}



#i nclude <fcntl.h>
#i ncl ude <stdlib.h>
#i nclude <string. h>

#if _ MSDOS__ || MSDOS || WN32 || __WN32__
# include <io.h>

#el se

# include <unistd. h>

# define O _BINARY 0

#endi f

#i ncl ude "m sc. h"
#i ncl ude "set.h"
#i nclude "table. h"
#i ncl ude "cgen. h"
#i ncl ude "stknt. h"

t ypedef Set<7> cl assset;

#i ncl ude -->ScanHeader
#i ncl ude -->Parser Header
#i nclude "cr_error. hpp"

static FILE *|st; )
static char SourceName[ 256], ListNanme[256], CodeNane[ 256];

TABLE *Tabl e;
CGEN  *CCen;
STKMC *Machi ne;
REPCORT *Report;

cl asgI clangError : public CRError {
public:
clangError(char *name, AbsScanner *S) : CRError(name, S, MAXERROR) {};
virtual char *GetUserErrorMsg(int n);
virtual char *GetErrorMsg(int n)
~{ if (n <= MAXERROR) return ErrorMsg[n]; else return GetUserErrorMsg(n);
private:
static char *ErrorMsg[];

char *clangError::ErrorMg[] = {
#i ncl ude -->Error Header
::ILIJser error nunber clash",

}s

char *clangError:: GetUserErrorMg(int n)
{ switch (n)
/1 first Tew are extra syntax errors
case 91: return "Rel ational operator expected”;
case 92: return "Ml fornmed expression”;
case 93: return "Bad declaration order”;
/1 remainder are constraint (static semantic) errors

case 200: return "Constant out of range";
case 201: return "ldentifier redeclared";
case 202: return "Undeclared identifier";
case 203: return "Unexpected paraneters”;
case 204: return "Unexpected subscript";
case 205: return "Subscript required”;
case 206: return "lnvalid class of identifier";
case 207: return "Variabl e expected";
case 208: return "Too nmany fornmal paraneters”;
case 209: return "WonP nunmber of paraneters”;
case 210: return "lnvalid assignment”;
case 211: return "Cannot read this type of variable";
case 212: return "Programtoo |ong";
case 213: return "Too deeply nested";
case 214: return "lnvalid paraneter";
case 215: return "COBEG N only allowed in nain prograni;
case 216: return "Too many concurrent processes’;
case 217: return "Only global procedure calls allowed here";
case 218: return "Type m smatch";
case 219: return "Unexpected expression";
case 220: return "M ssing expression";
case 221: return "Bool ean expression required";
case 222: return "lnvalid expression”;
case 223: return "lndex out of range";
case 224: return "Division by zero”;
default: return "Conpiler error”;

}



cl ass cl angReport

publ i c REPORT ({

ace for code generators and other auxiliaries

/'l interf
public:
cl angReport (cl angError *E)
{ Error = E;
virtu

private:

al void error(int errorcode
{ Error->ReportError(errorcode);

clangError *Error;

void main(int argc,
el engt h,

{ int cod
int Ss
char re
Ist = s

/'l check on correct
if (argc < 2) { fprintf(stderr,

rc;

ply;
tderr;

/1 open the source file

strcpy(SourcehbnE
if ((S_src = open(Sourcehbne O _RDONLY
{ fprintf(stderr, "Unable to open input file %\n",

if (argc > 2) strcpy(ListNane, argv[ZJ
st"

char *argv[])
I nitsp;

par anet er usage

argv[1]);

el se appendextensron(Sourcehhne
t = fopen(ListName, "w')) ==

if ((ls

{ fprintf(stderr,

// instantiate Scanner,

-->Scand ass *Scanner

cl angEr
-->Pars
Repor t
CCen
Tabl e
Machi ne

Parser and Error

new -->ScanCl ass(S_src,

errors =

NULL

true; }

"No input file specified\n");
O BINARY)) == -
Li st Nare) ;

"Unabl e to open list f?le %\ n", ListName);

handl ers

-->|gnorecase)

ror *Error = new cIangError(SourcehbnE Scanner) ;
*Parser = new -->Parser d ass(Scanner, Error);
= new cl an Report(Error)
CCEN( Report);

erd ass
= new
= new TABLE Report)
= new STKMZX();

/1 parse the source
Par ser - >Par se() ;
cl ose(S_src);

/| generate source Ilstlng
Error->Set Qut put (I st);
Error- >Pr|ntL|st|ng(Scanner)

fclose(lst);

/1 list generated code for interest
CCen- >get si ze( codel engt h, |n|tsp);
appendext ensi on( Sour ceNane, cod"

Machi ne- >l i st code( CodeNane,

if (Error->Errors)

fprrntf(stdern

se
mﬁig

{pr
{

i f

tf(stde
true

rr, "Conpilation successful\n");

tf("znlnterpret7 (y/n) ™);

canf ("

(toup

%", &reply
whil e (toupper(rep

er(rem

scanf("@ﬁ Ml ')
Machi ne- >|nterpret

}
}

del ete
del ete
del ete
del ete
del ete
del ete
del ete

Scanner ;

Par ser;
Error;
Tabl e;
Report;
CGen;

Machi ne;

¢

deehbnE)

codelength)

"Conpilation failed - see %\n", ListNanme);

?y) I= "N && toupper(reply) !'="Y);
= "N) break,

et char () o

codelength initsp);

)
Sour ceNane) ;

exit(1); }
exit(1);
exit(1l); }

}
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Appendix D
Sour ce code for a macro assembler

This appendix gives the complete source code for the macro assembler for the single-accu
machine discussed in Chapter 7.

assemble.cppmisc.h|set.h| sh.s| sh.cpp|la.h|la.cpp]| sa.h| sa.cpp| st.h| st.cpp]| st.h| st.cpp|
mh.h| mh.cpp| asmbase.has.h| as.cpg mc.h| mc.cpp

----- assenble. Cpp ---- - cmcmm e -

/1 Macro_assenbler/interpreter for the single-accunulator nachine
/1 P.D. Terry, Rhodes University, 1996

#i nclude "nt.h"
#i ncl ude "as. h"

#defi ne version "Macro Assenbler 1.0" )
#defi ne usage "Usage: ASSEMBLE source [listing]\n"

void main(int argc, char *argv[])
{ bool errors;
char reply; )
char sourcenane[256] i st nane[ 256] ;

/1 check on correct paraneter usage
if (argc == 1) { prlntf usage) exit(1); }
strcpy(sourcenane, ar 1

if (argc > 2) strcpyg |stnane argv{Z])

el se appendext ensi on( sour cenamne |'istnane);
MC *Machi ne = new MO) ;
AS *Assenbl er = new AS(sourcenane, |istname, version, Mchine);
Assenbl er - >assenbl e(errors);
i f (errorsz )
{ prlntf( nAssenbly failed\n"); }
el
{ prlntf "\ nAssenbly successful\n");
while (true)
{ prlntf("\nlnterpret? (y/n) ");
do
{ scanf("%", &reply?
} while (toupper(rep y) 1= "N && toupper(reply) '="Y");
1 f (toupper(re ly) == "N) break;

scanf ("% [~\n]"); getchar();
Machi ne- >|nterpret );

}

del ete Machi ne;
del ete Assenbl er;

/1 Various comon itens for macro assenblers for the single-accunul ator nachi ne
/1 P.D. Terry, Rhodes University, 1996

#i fndef M SC H
#define M SC_H

#i ncl ude <stdio. h>
#i ncl ude <stdlib. h>
#i ncl ude <string. h>
#i ncl ude <stdarg. h>
#i ncl ude <ctype. h>
#include <limts. h>

#define boolean int
#define bool int
#define true 1



#define false 0

#define TRUE 1

#define FALSE 0

#define maxint I NT_MAX

#if _ MSDOS__ Ll MSD% [| WN32 || __WN32__

# define pathsep

#el se

# define pathsep '/’

#endi f

static void aPpendextenS| on (char *oldstr, char *ext, char *newstr)
i/_ Changes filename in oldstr from PRI MARY. xxx to PRI MARY.ext in newstr

int i;

char ol d[ 256] ;

strcpy(old, ol dstr)
= strl en(oI d);

i
whi | i 0) && (old[i- I=".") && (ol - = h
iflE(ei((;O)> &)&(O|(FI-H :]:’ ")) 2)|d£ (O [:0] pathsep)) |

if (ext[0] ==".") sprlntf(newstr "O/s/s" old, ext);

el se sprintf(newstr, "%. %" ol d, ext)

}

#define ASM al ength 8 // maxi mum | ength of menonics, |abels )
#define ASMslength 35 // maxi numlength of conment and other strings

typedef char ASM al fa[ ASM al ength + 1];
typedef char ASM strings[ASM slength + 1];

#i ncl ude " . h"

enum ASM errors {
ASM i nval i dcode, ASM undefi nedl abel, ASM i nval i daddr ess,
ASM unl abel | ed, ASM hasaddress, ASM noaddress,
ASM excessfi el ds ASM i smat ched ASM nonal pha
ASM badl abel , ASM i nval i dchar, ASM i nval i dquot e,
ASM over f | ow

b
t ypedef Set <ASM overfl ow> ASM errorset;
#endif /* M SC_H */

/1 Sinple set operations

#i fndef SET_H
#define SET _H

tenpl ate <int maxEl en>

class Set { /1 { 0 .. maxElem}
public:
Set () /1 Construct { }
{ clear(); }
Set(int el) /1 Construct { el }

{ clear(); incl(el); }

Set(int el, int e2

g /l Construct { el, e2}
{ clear(); incl(el); incl(e2); }

Set(int el, int e2, int e3) /1 Construct { el, e2, e3}
{ clear(); incl(el); incl(e2); incl(e3);
Set(int n, int el[]). ) /1 Construct H_e{O] .. e[n-1] }
{ clear(); for (int i =0; i <n; i++) incl(el[i]); }
void incl(int e) /1 Include e
{if (e >0 & e <= maxElen) bits[wd(e)] |= bitmask(e); }
voi d excl (int e) /1 Exclude e

if (e >0 & e <= maxElem) bits[wd(e)] &= ~bitmask(e); }
int menb(int e) /1 Test nenmbership for e

{if (e >0 & e <= maxElen) return((bits[wd(e)] & bitmask(e)) != 0);
el se return O;

int isenpty(void) /1 Test for enpty set
{ for (int'i =0; i <length; i++) if (bits[i]) return O;
return 1;



}

Set operator + (const Set &s) /1 Union with s

{ Set<maxEl ene r;
for (int i =0; i <length; i++) r.bits[i] = bits[i] | s.bits[i];
return r;

Set operator * (const Set &s) /1 Intersection with s

{ Set<maxEl env r;
for (int i =0; i <length; i++) r.bits[i] = bits[i] & s.bits[i];
return r;

Set operator - (const Set &s) /! Difference with s

{ Set<maxEl ene r;
for (int i =0; i <length; i++) r.bits[i] = bits[i] & ~s.bits[i];
return r;

Set operator / (const Set &s) /1 Symretric difference with s
{ Set<maxEl env r;

for (int i =0; i <length; i++) r.bits[i] = bits[i] ™ s.bits[i];
return r;
private:
unsi gned char blts[(rraxEI em+ 8) / 8];
i nt | engt h;
int wd(int i) return(i / 8); 1}
int bitmask(int i) return 1 << (i 0o )); }
voi d clear() length = (maxEI +8) / 8
for (int i 0; i < length; i++) bits[i] = 0;

}
}s

#endi f /* SET_H */

/1 Source handl er for assenblers for the single-accunul ator nachine
/1 P.D. Terry, Rhodes University, 1996

#i fndef SH H
#define SH H

#i ncl ude "m sc. h"

const int |inemax = 129; /1 limt on source line length
class SH {
public:

FILE *Ist; // listing file
char ch; // | atest character read

voi d nextch(void);
/1 Returns ch as the next character on current source |ine, readi ng a new
/1 1ine where necessary. ch is returned as NUL if src is exhaust ed

bool endline(void { return (charpos == linelength); }

/!l Returns true en end of current |ine has been reached

bool startline(void) { return (charpos == 1); }

/! Returns true if current ch is the first on a line

void witehex(int i, int n) {f p ntf(lst "02XW ", i -2, 7 ),
fil

: )
/1 Wites (byte valued) i to |st as hex pair, left- justlfled in n spaces

void witetext(char *s, int n) { P_rint_f(lst, "%*s", n, s); }

/I Wites s to Ist file left-justified in n spaces

SH() ;

/1 Default constructor

SH(char *sourcenane, char *listname, char *version);

/1 Initializes source handl er, and di splays version information on Ist file.
/1 Opens src and Ist files usi ng gi ven names

~SH() ;
/1 oses src and Ist files

private:



source file
charact er ﬁOlnter
line | engt

|ast line read

FI LE *src;

int charpos;

int |inelength;

char line[linemax + 1];

~——
—~———

}
#endi f /*SH H*/

/'l Source handl er for assenblers for the single-accunul ator machine
/1 P.D. Terry, Rhodes University, 1996

#i ncl ude "sh. h"

voi d SH: : next ch(voi d)

{ if (ch =="\0") return; [/ input exhausted
if (charpos == l|inel ength) /1 new |ine needed
{ linelength = 0; charpos = 0; ch = getc(src);
while (ch I'="\n && !feof(src?)
{ if (linelength < linemax) { line[linelength] = ch; linelength++ }

ch = getc(src);

?f (feof(src))

IIine[IineIength] ='\0"; /1 mark end with an explicit nul
el se
line[linelength] =" "; /1 mark end with an explicit space
) i nel engt h++
ch = line[charpos]; charpos++;, // pass back uni que character

}

SH: : SH(char *sourcename, char *listnane, char *version)
{ src = fopen(sourcenane, "r");
if (src == NULL i ) )
{ printf("Could not open input file\n"); exit(1); }
!?t = fopen(listname, "wW');
i

(I'st == NULL)
{ printf("Could not open listing file\n"); Ist = stdout; }
fﬁrintf(lst, "os\n\n", version);
) ch ="' "; charpos = 0; linelength = 0;
SH: : SH()
{ src = NULL; Ist = NULL; ch =" '; charpos = 0; linelength = 0; }
SH: : ~SH()
{ if (src) fclose(src); src = NULL;
) if (Ist) fclose(lst); Ist = NULL;

/1 Lexical analyzer for macro assenblers for the single-accurul ator machine
/1 P.D. Terry, Rhodes University, 1996

#i f ndef LA H
#define LA H

#include "m sc. h"
#i ncl ude "sh. h"

enum LA syntypes { .
LA unknown, LA eofsym LA eolsym LA idsym LA numsym LA conmsym
LA commasym LA plussym LA m nussym LA starsym

struct LA synbols {
bool isTabel
LA syntypes sym
ASM strings str;
int num

if infirst colum
cl ass

| exene

value if nuneric

~———
~———

class LA {
public:
voi d get sym( LA synbols &YM ASM errorset &errors)
/1 Returns the next synbol on current source line
/1 Adds to set of errors if necessary and returns SYM sym = unknown
/1 if no valid synbol can be recognized



LA(SH *S);
/'l Assocl ates scanner with source handler S and initializes scanning

private:
SH *Srce;
voi d getwor d(LA synbol s &SYM ;
voi d get number (LA _synbol s &SYM ASM errorset &errors);
voi d get comment (LA synbol s &SYM ;
voi d get quot edchar (LA _synbol s &SYM char quote, ASM errorset &errors);

}
#endi f /*LA H/

/] Lexical analyzer for assenblers for the single-accumul ator machine
/1 P.D. Terry, Rhodes University, 1996

#include "la.h"

void LA : ?etword(LA synbol s &SYM
é/ Asslenb ehl degtlfl er or opcode, in UPPERCASE for consistency
int length =
whil e (|sal nun(Srce >ch))
{ if (length < ASM sl engt h)
{ SYMsir[length] = toupper(Srce->ch); |ength++ 1}
Srce->nextch();

}
SYM str[length] = "\0";

voi d LA:: get nunber (LA_synbols &YM ASM errorset &errors)
g/ Asslenb ehnun‘ger and store its identifier in UPPERCASE for consistency
int length =
whi | e (|gsd| gi t(Srce >ch))
{ SYM num= SYM num* 10 + Srce->ch - '0’;
if (SYM num > 255) errors.incl (ASM_ overfl ow) ;
SYM num % 256;
if (length < ASM slength) { SYMstr[length] = toupper(Srce->ch); |ength++;
Srce->nextch();

}
SYM str[length] = "'\0";

void LA : ?etcomrent(LA synbol s &SYM
/1 Assemble comment
{ int length = 0;
while (I'Srce- >end| i ne()
{ if (length < ASM slength) { SYMstr[length] = Srce->ch; |ength++ }
Srce->next ch();

}
SYMstr[length] = '\0";

void LA : ?etquot edchar (LA_synbol s &YM char quote, ASM errorset &errors)
/1 Assenble si ngl e character address token
{ SYMstr[0] = quote;

Srce- >nextch(); SYM num = Srce->ch; SYMstr[1] = Srce->ch;

if (!Srce->endline()) Srce- >nextch()

SYM str[2] = Srce->c SYM str[ 3] = \0

if 2Srce >ch !'= quot e) errors. I ncl gASM i nval i dquot e) ;

if (!Srce->endline()) Srce->nextch()

voi d LA::getsyn(LA synbols &SYM ASM errorset &errors)

{SYMnum—O SYM'str[0] "\ O’ T/ enpty string
while (Srce- >ch == && |Sr(:e >endl i ne()) Srce >nextch()
SYMislabel = (Srce->startline() &% Srce->ch I=
&% Srce->ch != "' && Srce->ch !'="'\0");
if (SYMi sl abel && i sal pha(Srce >ch)) errors. |ncI(ASM badl abel ) ;
if (Srce->ch =="\10") { SYMsym= LA eofsym return;
if (Srce- >endI|ne()?1 { SYM sym = LA eol sym Srce- >nextch() return; }
if (isal pha(Srce->c

{ SYMsym= LA |dsym %etword(SYl\/p }
else if (isdigit(Srce->c

{ SYM sym = LA nunsym getnunber(SYM errors); }
el se switch (Srce >ch3,

case ';’:
SYM sym = LA consym getcoment (SYM; break;
case ', ’:
SYM sym = LA conmasym strcpy(SYMstr, ","): Srce->nextch(): break;

case '+ :



SYM sym = LA plussym strcpy(SYMstr, "+"); Srce->nextch(); break;
case '-':

SYM sym = LA minussym strcpy(SYMstr, “-"); Srce->nextch(); break;
case '*’:

SYM isym = LA starsym strcpy(SYMstr, "*"); Srce->nextch(); break;
case '\’
case '"':

SYM sym
defaul t:

SYM sym

br eak;

LA nunsym get quotedchar (SYM Srce->ch, errors); break;

LA unknown; getcomment (SYM; errors.incl (ASM.i nvalidchar);

}

LA: : LA(SH* S)
{ Srce = S; Srce->nextch(); }

/1l Syntax analyzer for macro assenbl ers for the single-accunul ator machine
/1 P.D. Terry, Rhodes University, 1996

#i f ndef SA H
#define SA H

#i ncl ude "m sc. h"
#include "la.h"

const int SA naxterns = 16;

enum SA ternkinds { ) ]
SA absent, SA nuneric, SA al phaneric, SA comma, SA plus, SA minus, SA star

struct SA terns
SA ternkinds kind;
int nunber; /[l value if known
ASM al fa nane; /'] character representation

struct SA addresses 5
char | ength; /I nunber of fields
SA terns ternf SA naxterns - 1];

struct SA unpackedlines {

/| source text, unpacked into fields
bool | abell ed;

ASM al fa | abfiel d, mmenonic;

SA addresses address;

ASM strings comment;

ASM errorset errors;

b

class SA {
public:
voi d parse(SA _unpackedlines &srcline);
/1 Analyzes the next source line into constituent fields

SA(LA *L);
/1 Assocl ates syntax anal yzer with its |exical analyzer L

private:
LA *Lex;
LA_synbol s SYM
voi d Get Sym( ASM errorset &errors);
voi d get addr ess{SA _unpackedl i nes &srcline);

#endi f /[ *SA_H+/

/1 Syntax analyzer for macro assenbl ers for the single-accunul ator machine
/1 P.D. Terry, Rhodes University, 1996

#i ncl ude "sa. h"
#incl ude "set.h"

t ypedef Set<LA starsyn> synset;



voi d SA:: Get Syn( ASM errorset &errors)
{ Lex->getsyn(SYM errors);

voi d SA:: get addr ess(SA_unpacked| i nes &srcline)
/1 Unpack the addressfield of line into srcline
{ synset all ovved(LA idsym LA nunmsym LA starsynj;

}

synset possible = allowed + symset(LA commasym LA plussym LA minussym;

srcline. address.length = O;
whil e (possible.me SYM sy
{ if (Vallowed. menb( YMsyrr)
srcline.errors.incl (ASM I nval i daddress);
if (srcline.address.!len tﬁ < SA maxternms - 1)
srcline. address. | engt
el se
srcline.errors.incl (ASM excessfi el ds);

sprintf(srcline.address.ter srcllne addr ess. length - 1].name, "%*s

ASM al ength, SYM str
srcline. address. tern{sr cline. address. | ength - 1] . nunber = SYM num
switch (SYMsym
{ case LA nunsym

srcline.address.tern{srcline.address.length - 1].kind = SA nuneri c;

br eak;
case LA i dsym ]
grcl i ne. address.tern{srcline.address. | ength
r eak
case LA \ pl ussym

1] . kind = SA al phaneri c;

srcline.address.tern{srcline.address.length - 1].kind = SA plus;

br eak;

case LA_m' nussym
srcline.address.ternisrcline.address.|ength
br eak;

case LA starsym
srcline.address.tern{srcline.address. | ength
br eak;

case LA \_conmmasym
grcl Lne address.tern{srcline.address. | ength

rea

al  oned = possible - allowed; o
Get Sym(srcline.errors); // check trailing comment, paraneters

if (!(srcline.address.length & 1)) srcline.errors.incl(ASM.i nvalidaddress);

voi d SA:: parse(SA _unpackedlines &srcline)

{

}

synset startaddress(LA |dsym LA nunsym LA starsym;

srcline. | abfield[0] \0';

strcpy(srcline. rmem)m c, " ");

srcl 1 ne. conment [O] ='\0;

srcline.errors = ASM errorset()

srcline. address. ter .kind = SA absent

srcline.address.ter 0 . nunber =

srcline.address.tern| 0 nama[O] = ’\0’;

srcline. address. | ength 0;

Get Syn(srcline.errors); /1 first on line - opcode or |abel ?
if (SYMsym == LA eof syn‘) { strcpy(sr cline.menonic, "END'); return;
srcline. | abelled = SYMi sl abel ;

if (srcline.|abelled) 11 must 1 ook for t he opcode
{ srcline.labelled = srcline. errors i sempt y(
sprintf(srcline.labfield, "%*s", ASM al ength SYM str);
) Get Syn(srcline.errors); /1 probabl—y an opcode
if (SYMsym== LA idsyn /1 has a mmenonic
{ spri ntf(srcl ine.Mmenmonic, "%*s", ASM al ength, SYMstr);
CGet Sym(srcline.errors); // possibly an addr ess
) if (startaddress. rrenb(SYM sym) ) getaddress(srcline);
i1f (SYMsym== LA consym|| SYMs m == LA _unknown)
{ strcpy(srcline.comment, SYMstr CGet Syn(srcline.errors); }
1f (SYMsym!= LA eol sym /1 spurl ous synbol
{ strcpy(srcline.coment, SYMstr); srcline.errors.incl(ASM excessfi el ds);
while (SYMsym!= LA eol sym && SYM sym!= LA eofsym
Get Syn(srcline.errors); /1 consunme garbage

SA:: SA(LA * L)

{

Lex = L; }

1] . ki nd = SA_mi nus;
1] .kind = SA star;

1] . kind = SA comm;

}

[/ Tabl e handl er for one-pass macro assenbl er for single-accumulator machine
/1 Version using sinple |i1nked I|ist



/1 P.D. Terry, Rhodes University, 1996

#i fndef ST_H
#define ST_H

#i nclude "m sc. h"
#include "nt.h"
#i ncl ude "sh.h"

enum ST_actions { ST_add, ST _subtract };
typedef void (*ST_patch)(MC bytes nmeni], MC bytes b, MC bytes v, ST actions a);
struct ST forwardrefs { /1 forward references for undefined | abels
MC bytes byte; // to be patched
ST _actions action; /1 taken when patching
ST forwardrefs *nlink; // to next reference

b

struct ST entries {

ASM al fa name; /'l nane
MC byt es val ue; /1 val ue once defined
bool defi ned; /1 true after defining occurrence encountered
ST entries *slink; /[l to next entry
y ST forwardrefs *flink; // to forward references
class ST {

public:
voi d printsynboltabl e(bool &errors);
/[ Summarizes synbol table at end of assenmbly, and alters errors to true if
/1 any synbol s have renai ned undefi ned

void enter(char *nane, MC bKt es val ue);
/! Adds name to table wi th known val ue

voi d val ueof synbol (char *nane, MC_bytes |ocation, MC bytes &val ue,
ST actions action, bool &undefined);
/1l Returns value of required nanme, and sets undefined if not found.
/1 Records action to be applied later in fixing up forward references.
/1 location is the current value of the instruction |ocation counter

voi d out standi ngreferences(MC_bytes *mem ST_patch fix); )
/1 \Wal ks synbol table, applying fix to outstanding references in nmem

ST(SH *S);
/'l Assocl ates table handler with source handler S (for |istings)

private:
SH *Srce;
ST_entries *lastsym
void findentry(ST entries *&ynentry, char *name, bool &found);

#endi f /*ST_H+/

/[ Tabl e handl er for one-pass macro assenbl er for single-accunulator machine
/1 Version using sinply |i1nked I|ist
/1 P.D. Terry, Rhodes University, 1996

#include "st.h"

voi d ST::printsynboltabl e(bool &errors)
{ fprintf(Srce->lst, "\nSynbol Table\n");
fprintf(Srce->lst, "------------ \n");
ST _entries *synentry = |astsym
while (synmentry)
{ Srce->witetext(symentry->name, 10);
if (!'synmentry->defined) )
{I fprintf(Srce->lst, " --- undefined"); errors = true; }
el se
Srce->writehex(synentry->val ue, 3);
fprintf(Srce->lst, "%d", synentry->val ue);

putc(’\n’, Srce->lst);
symentry = symentry->slink;

}
putc(’\n’, Srce->lst);



void ST::findentry(ST_entries *&ynentry, char *name, bool &found)
{ symentry = |l astsym
found = fal se;
while (!found && synentry)
{ if ('strcnp(nane, synentry->nane))
found = true;
el se )
synentry = symentry->slink;

if (found) return;
synentry = new ST_entries; // make new forward reference entry
sprintf(synentry->name, "% *s", ASM al ength, nane);
synentry->val ue = 0;
synmentry->defined = fal se;
symentry->flink = NULL;
synmentry->slink = | astsym
) | astsym = synentry;

voi d ST::enter(char *nanme, MC _bytes val ue)
ST_entries *symentry;
bool found;
findentry(symentry, nane, found);
synentry->val ue = val ue;
synentry->defined = true;

}

voi d ST::val ueof synmbol (char *name, MC_bytes location, MC bytes &val ue,
ST actions action, bool &undefined)
{ ST_entries *symentry,;
ST forwardrefs *forwardentry;
bool found;
findentry(synmentry, nane, found);
val ue = synmentry->val ue;
undefined = !'synmentry->defi ned;
if ('undefined) return;
forwardentry = new ST forwardrefs; // new node in reference chain
forwardentry->byte = Tocation; forwardentry->action = action;

if (found) /] it was already in the table
forwardentry->nlink = symentry->flink;
el se /1 newentry in the table

forwardentry->nlink = NULL;
symentry->flink = forwardentry;

}

voi d ST::outstandi ngreferences(MC bytes nmen{], ST_patch fix)
{ ST_forwardrefs *link;
ST _entries *synentry = | astsym
while (synentry)
link = symentry->flink;
while (li nk?
{ fix(mem [Iink->byte, synentry->value, |ink->action);
link = Iink->nlink;

symentry = symentry->slink;
}

ST: : ST(SH *S?
{ Srce = S; lastsym = NULL; }

[/ Tabl e handl er for one-pass macro assenbl er for single-accunmulator machine
/1 Version using hashing technique with collision stepping
/1 P.D. Terry, Rhodes University, 1996

#i fndef ST H
#define ST_H

#i ncl ude "m sc. h"
#i nclude "nt. h"
#i nclude "sh. h"

const int tablemax = 239; /] synbol table size
const int tablestep = 7; /1 a prinme nunber

enum ST_actions { ST_add, ST_subtract };

typedef void (*ST _patch)(MC bytes nmen{], MC bytes b, MC bytes v, ST actions a);
typedef short tableindex;



struct ST forwardrefs { // forward references for undefined | abels
MC byt es byte; /1 to be patched
ST actions” action; /] taken when patching
ST forwardrefs *nllnk; /1 to next reference

}s

struct ST entries {

ASM al fa nane; /1l name
MC byt es value /1 val ue once defined
bool ~used; /1 true when in use already
bool deflned; /1 true after defining occurrence encount er ed
) ST forwardrefs *flink; // to forward references
class ST {
publi c:
voi d printsynbol tabl e(bool &errors);
/1 Summarizes synbol table at end of assenbly, and alters errors

/1 to true if any synbols have remai ned undefi ned

void enter(char *name, MC bﬁtes val ue) ;
/1 Adds nane to table with known val ue

voi d val ueof synbol (char *nane, MC_bytes |ocation, MC bytes &val ue,
ST _actions action, bool &undeflnea)
// Returns value of required nane, and sets undefined if not found.
/1 Records action to be applied later in fixing up forward references.
/1 location is the current value of the instruction |ocation counter

voi d out st andi ngreferences(MC_bytes men{], ST_patch fix);
/1 Wl ks synbol table, applying fix to outstanding references in nem

ST(SH *S);
/1 Associates table handler with source handler S (for listings)

private:
SH *Srce;
ST entries hasht abl e[ t abl emax + 1];
void findentry(tabl el ndex &synentry, char *nane, bool &found);

#endi f [/ *ST_H+/

[/ Tabl e handl er for one-pass macro assenbl er for single-accurul ator machine
/[ Version using hashing technique with collision stepping
/1 P.D. Terry, Rhodes University, 1996

#include "st.h"

voi d ST:: printsynbol tabl e(bool &errors)
{ fprlntf Srce->| st, "\nSynbol Table\n")
fprintf(Srce->lst, "------------
for (tableindex i =10; i < tablenax |++)
{ if (hashtable[i]. used%
{ Srce- >WW|tetext(has table[i].nane, 10);
if (!'hashtable[i].defined
{prrlntf(Srce >lst, " --- undefined"); errors = true; }
el se
Srce- >VW|tehex(hashtabIe[|L val ue
fprintf(Srce->|st 9%%d" ashtable[l] val ue) ;

) putc(’\n’, Srce->lst);

}
putc(’'\n’, Srce->lst);

t abl ei ndex hashkey(char *ident)

{ const int IarPe = (maxint - 256); // large nunber in hashing function
int sum=0 strlen(ldent)
for (int i = <I; |++) sum = (sum + ident[i]) %l arge
return (sum %tabl emax) ;

void ST::findentry(tabl ei ndex &ynentry, char *name, bool &found)
{ enum { Iooklng entered, caninsert, overflow } state;

symentry = hashkey(nane)

state = | ooki ng;

tabl ei ndex start = symentry;

while (state == | ookl ng)



{if (!hashtable[synentryL used)
{ state = caninsert r eak;
if (!strcnp(nane, hashtable[synentry] name))
state = entered; break;
s¥nentry (synentry + tablestep) % t abl emax;
) (synentry == start) state = overfl ow,

switch (state)
{ case caninsert:
sprintf(hashtabl e[ symentry].nane, "% *s", ASM al ength, nane);
hasht abl e[ synmentry] . val ue = 0;
hasht abl e[ synentry].used = true;
hasht abl e[ symentry].flink = NULL;
hasht abl e[ synmentry .defined = fal se
br eak;
case overfl ow
printf("Synbol table overflown");

exit(1);
br eak;
case entered: /1l no further action
br eak;
¥ound = (state == entered);

void ST::enter(char *name, MC bytes val ue)
{ t abl ei ndex symentry;
bool found;

findentry synentry nane, found)
hasht abl e[ symentry]. val ue = val ue;
hasht abl e[ symentry] . defined = true

}

voi d ST::val ueof synbol (char *name, MC_bytes location, MC bytes &val ue,
ST _actions action, bool &undeflned)
{ tabl ei ndex synentry;
ST formardre s *formerdentry,
bool found
f|ndentr% %nentr , name, found);
val ue table[s nentry] val ue;
undefined = !'hashta Ie[synentry] defi ned:;
i f (lundeflned) return;
forwardentry = new ST foruardrefs /1 new node in reference chain
forwardentry- >byte = Tocatlon
forwardentry->action = action;
if (found) it was already in the table
forwardentry->nlink hashtable[synentry] flink;
el se new entry in the table
forwardentry->nlink = NULL;
hasht abl e[ synmentry] . flink = foruardentry;

}

voi d ST::outstandi ngreferences(MC bytes nmen{], ST_patch fix)
{ ST forwar dr ef s *Ilnk
for (tableindex i = O i < tabl emax; i++)
{ if (hashtable[i used)
{ link = hashta Ie[|] flink;

while (li )
{ fix(mem link->byte, hashtable[i].value, |ink->action);
) link = I|nk >nl i nk;
) }
}
ST:: ST(SH *S)
{ Srce = S ) ) )
for (tablelndex i =0; i <tablenmax; i++) hashtable[i].used = fal se
----- 1T I e T

/1 Macro anal yzer for macro assenblers for the single-accunul ator machine
/1 P.D. Terry, Rhodes University, 1996

#i f ndef MH H
#define MH_H

#i ncl ude "asnbase. h"

t ypedef struct MH _nmacentries *NVH nacro;



class MH {
public:
voi d newnacro( MH_nacro &m SA unﬁackedl i nes header);
// Creates mas a new nmacro, gi ven header line that includes the
/1 formal paraneters

void storeline(MH nmacro m SA unPackedI ines line);
/! Adds line to the definition of macro m

voi d checkmacro(char *name, MH_macro &m bool & smacro, int &parans);
[/ Checks to see whether nane is that of a predefined macro. Returns
/1 ismacro as the result of the search. |f successful, returns m as
/1 the macro, and parans as the nunmber of fornal pararreters

voi d expand(MH_nacro m SA addresses actual par ans,

ASMBASE *assenbl er, bool &errors);
/1 ExPands macro m by invoking assenbler for each line of the macro
/1 definition, and using the actual ﬁararrs suEplled in place of the
/1 formal paraneters appearing in the macro header
/! errors I1s altered to true |f the assenbly fails for any reason

z

/1 1nitializes macro handl er

private:
IVH _macro | ast mac;
int position(MH nmacro m char *str);
voi d substituteactual paraneters(VH macro m
SA addresses act ual par ans,
SA _unpackedl i nes &nextli ne);

s
#endi f /*VMH H*/

/1 Macro anal yzer for nmacro assenblers for the single-accunul ator machine
/1 P.D. Terry, Rhodes University, 1996

#i ncl ude "m sc. h"
#i ncl ude "mh. h"

struct MH_lines {
SA unpackedl i nes text; /1 a single line of macro text
M—|I|nes *1 i nk; /1 link to the next line in the nacro

struct MH nacentries §
SA unpackedl i nes definition;
MH macro mink
MH_l i nes *flrstline, *| astline;

header |ine ) )
link to next macro in |ist
links to the text of this macro

~——
—~——

voi d MH: : newracro( MH_macro &m SA unpackedl i nes header)
{ m= new MH_nacentries;
m >definition = header
m>firstline = NULL
m >m i nk = | ast mac;
lastmac = m

store formal paraneters

no text yet

link to rest of macro definitions

and this becones the |last macro added

~———
~———

void MH :storeline(Md_nacro m SA unpackedlines |ine)
{ MH_lines *new ine = new VH | i nes;

new i ne->text = line; /1 store source line
new i ne->link = NULL; /1 at the end of the queue
if (m>firstline == NULL) [l first line of macro?
Im>f|rstI|ne=nev\A|ne /1 form head of new queue
el se
m >l astline->link = newine; // add to tail of existing queue
m >l astline = newine;
}
void MH : checknacro(char *name, MH_rmacro &m bool & smacro, int &parans)
{ m= | ast mac; ismacro = fal se; parans = 0;
whil e (m&&'lsmacro)
{ if (!strcnrp(nane, m>definition.labfield))
I{ ismacro = true; parans = m>definition.address.|length; }
el se
y m= m>nlink;



i ﬁosition(N+Lnacro m char *str)
/] Search fornmals for match to str; returns O if no match
{ bool found = fal se;

i = m >definition. address. length - 1;

i
while (i >= 0 && !found) )
{ if (!strcnp(str, m>definition.address.ternfi].nane))
found = true;
el se
i--;
return i;

voi d MH :substituteactual paraneters(VH nmacro m

SA_addresses act ual parans, SA unpackedlines &nextline)
// Substitute | abel, mmenonic or addr ess conponents into
/1 nextline mhere necessary

{int j =0, i = position(m nextline.labfield); // check |abel
|f (| >= 0) strcpy(nextline. |l abfield, actualparans ternfi].name);
p05|t|on(n] next | i ne. menoni c); /1 check mmenonic

|f ( >= 0) strcpy(nextline. menonic, actual parans.ternfi].nane);

j =0; /1 check address fields
while (j < nextline.address.|ength)
{i = p03|t|on(n1 next | i ne. addr ess. tern{]] nane) ;
if (1 >— 0) nextline.address.tern{j] = actualparans ternfi];
) j += 2 /'l bypass conmas

}

void MH: : expand(MH_macro m SA addresses actual parars,
ASMBASE *assenbl er, bool &errors)
SA unpackedl i nes nextline;
if (!'m return; /1 nothing to do
MH |ines *current = m>firstline
while (current)

{ nextline = current->text; Il retrieve line of macro text
substltuteactuahgaraneters(n] act ual parans, nextline); ]
assenbl er - >assennl el i ne(nextline, errors); /'l and asssenble it
current = current->link;
}
VH: : MH()
{ lastmac = NULL; }

----- ASMDASE. N - - - - o e

/| Base assenbler class for the single-accunul ator nachine
/1 P.D. Terry, Rhodes University, 1996

#i f ndef ASMBASE H
#defi ne ASMBASE H

#i ncl ude "msc. h"
#i ncl ude "sa.h"

class ASNBASE {
pub
V|rtual voi d assenbl el i ne( SA_unpackedl i nes &srcline, bool &failure) = 0;
/1 Assenble srcline, reporting failure if it occurs

#endi f /*A _H*/

/1 One-pass macro assenbler for the single-accunul ator machine
/1 P.D. Terry, Rhodes University, 1996

#i f ndef AS H
#define AS_H

#i ncl ude "asnbase. h"
#include "nt.h"
#i ncl ude "st.h"
#i ncl ude "sh.h"
#include "nmh. h"

class AS : ASMBASE {
publi c:
voi d assenbl e(bool &errors);



Assenbl es and |ists program
Assenbl ed code is dunped to file fo
i n pseudo-machi ne nmenory for i medi
Returns errors = true if assenbly f

I
/1 r later interpretation, and |eft
/1 ate interpretation if desir ed.

/1 ails

virtual void assenbl eline(SA unpackedlines &srcline, bool &failure);
/1l Assenble srcline, reporting failure if it occurs

AS(char *sourcenanme, char *listnanme, char *version, MC *M; )
/1 Instantiates version of the assenmbler to process sourcenane, creating
/1 listings in listname, and generating code for associated machi ne M

private:
SH *Srce;
LA *Lex;
SA *Par ser;
ST *Tabl e;
MC *Machi ne;
MH *Macr o;

struct { ASM al fa spelling; ¥tes byt e; opt abl e[ 256] ;

i nt opcodes; I nunber opcodes actually defi ned
struct objllnes { MC_bytes | ocation, opcode, address; };
objlines objline; current |ine as assenbl ed

MC_ byt es locat i on; | ocati on counter

bool ~assenbl i ng; noni tor progress of assenbly

bool incl ude; handl e conditi onal assenbly

\\\\
\\\\

MC byt es bytevalue(char *menoni c) ;
voi d enter{(char *menonic, M bytes t hi scode) ;
voi d ternval ue(SA terms tern1 MC bytes &val ue, ST _actions action
bool &undefined, bool &badaddress?;
voi d eval uat e( SA_addr esses address MC bytes &val ue,
bool &undefined, booi &nal or ned) ;

voi d Ilsterrors(ASNLerrorset allerrors, bool &failure);

void |istcode(void);

voi d Ilstsourcellne(SA unpackedl i nes &srcline, bool coderequired
bool &failure);

voi d defi nemacr o( SA_unpackedl i nes &srcline, bool &f ailure);

void firstpass(bool &errors);

}s
#endi f /*AS_H¢/

/1 One-pass macro assenbler for the single-accunul ator machine
/1 P.D. Terry, Rhodes University, 1996

#i nclude "as. h"

const bool nocodelisted = false;
const bool codelisted = true

enum di rectives 5
AS err = 61, [ erroneous opcode
AS_nul = 62, // blank opcode
AS beg = 63, // introduce program
AS_end = 64, // end of source
AS mac = 65, // introduce macro
AS ds = 66, // define storage
AS equ = 67, [/ equate
AS org = 68, // set l|location counter
ASif =69, // conditiona
y AS dc =70 /1 define constant byte
MC_bytes AS:: bytevalue(char *$menoni ¢)
{ Tnt Ioo0k, | = 1, r = opcodes;
do /1 binary search
{ look = (I +r) [ 2
if 2strcnp mmenoni ¢, optabl e[ | ook] . spel I'i ng; <= O; r = look - 1;
if (strcnp(menonic, optable[look].spelling) >= 0) | = look + 1;
} while (I < r);
if (1 >r 1) )
Ireturn (optable[look].byte); /1 found it
el se
return (optable[0].byte); Il err entry

void AS::enter(char *menoni c, MC_bytes thiscode)



// Add (mmenonic, thiscode) to optable for future | ook up
st ch?/(opt abl e[ opcodes] . Sﬂ I'ing, mmenonic);
opt abl e[ opcodes] . byte = i scode;
opcodes++;

voi d backpatch(MC _bytes nmeni{], MC bytes location, MC bytes value, ST_actions how)
{ switch (how)
{ case ST_add:
men{ | ocation] = (men{location] + value) % 256; break;
case ST _subtract:
meni | ocation] = (men{location] - value + 256) % 256; break;

}

void AS::termvalue(SA terns term MC bytes &val ue, ST actions action,
bool &undefined, bool &badaddress)
/1 Deternine value of a single term recordi ng outstandi ng action
/1 if undefi ned so far, and recordi ng badaddress if mal fornmed
{ undefined = fal se;
SWI tch gt erm Ki nd)
case SA absent:
case SA nuneric:
val ue = term nunber % 256; break;
case SA_star
val ue = | ocati on; break;
case SA al phaneric:
d ]:I'abl e->val ueof synbol (term nane, |ocation, value, action, undefined); break;
efaul t:
) badaddr ess = true; value = 0; break;

}

voi d AS::eval uat e( SA_addresses address, MC bytes &val ue, bool &undefi ned,
bool &nal f or med)
/1 Determine value of address, recordi ng whet her undefined or nalforned
{ ST_actions nextaction;
MC byt es next val ue;
bool unknomn
mal f or med fal se;
ternval uti(address ternf0], value, ST _add, undefined, nalforned);
int i =
while (i < address.|ength)
{ switch (address.ternfi].kind
{ case SA plus: nextaction
case SA minus: nextaction
defaul t: nextaction

ST _add; break;
ST subtract; break;
ST_add; malformed = true; break;

1 ++;

t er nval ue(address.ternii], nextvalue, nextaction, unknown, nalfornmed);

switch (nextaction)

{ case ST_add: val ue
case ST subtract: val ue

val ue + nextval ue) % 256; break;
val ue - nextvalue + 256) % 256; break;

}
undefined = (undefined || unknown);
i ++;
}
}

static char *Error Msg[] = {

- unknown opcode”,

" address fileld not resol ved",

invalid address field",
| abel nissing",
spurious address field",
address field m ssing"
address field too Iong
wrong nunber of paraneters
invalid formal paraneters”,
invalid | abel"
unknown character"
m smat ched quotes"
nurmber too | arge"”

b
void AS::listerrors(ASM errorset allerrors, bool &failure)
{if (aIIerrors isenpty()) return;
failure = true;
fprintf(Srce- >i st, "Next line has errors");
for (int error = ASMlnvalldcode error <= ASM overflow, error++
i

if (allerrors. rrerrb(error)) fprlntf(Srce->Ist,_ "os\n", ErrorMngerror]);



void AS::listcode(void)

/1 List generated code bytes on source |isting
Srce->writehex(objline.|location, 4);
if (objline.opcode >= AS err && objline.opcode <= AS if)

fprintf(Srce->Ist, " L,
else if (objllne.ogcode <= MC_hlt) /1 OneByt eOps
Srce->wr it ehex(objline. opcode, 7); )
else if (objline.opcode == AS dc) /1 DC special case
Srce->writehex(objline.address, 7);
el se /1 TwoByt eOps
{ Srce->mwitehex€objline.opcode, 3);
Srce->writehex(objline.address, 4);
}
void AS::listsourceline(SA unpackedlines &srcline, bool coderequired,

bool &failure)
/1 List srcline, with option of |isting generated code
{ listerrors(srcline.errors, failure);
if (coderequired) listcode(); else fprintf(Srce->Ist, " ")
Srce->witetext(srcline.labfield, 9
Srce->writetext(srcline. menonic, 9
int wwdth = strlen(srcline.address.tern{0].nane);
fputs(srcline. address.terni0].name, Srce->Ist);

for (int i =1; i < srcline.address.|ength; i++)
{ width += strlen(srcline.address.ternfi].nanme) + 1;
utc(’ ', Srce->Ist);

puts(srcline.address.tern{i].nane, Srce->Ist);

if (width < 30? Srce->writetext(" ", 30 - width);
fprintf(Srce->lst, "%\n", srcline.coment);

}

voi d AS:: definemacro(SA unpackedlines &srcline, bool &failure)
/1 Handl e introduction of a macro (possibly nested)
{ MC_bytes opcode;

MH_macro macr o;

bool declared = fal se

int i =0;
if (srcline.labelled) /'l name nust be present
decl ared = true;
el se
srcline.errors.incl (ASM unl abel | ed);
if (!(srcline.address.length & 1)) /'l must be an odd number of terns
srcline.errors.incl (ASM.i nval i daddress);
while (i < srcline.address. | ength) /1l check that formals are nanes
{ if (srcline.address.ternfi].kind != SA al phaneri c)
srcline.errors.incl (ASM nonal pha);
i += 2; /1 bypass comras

I stsourceline(srcline, nocodelisted, failure);

i
hf (decl ared) Macro->newnacro(macro, srcline); // store header
o]
{ Parser->parse(srcline); ] /1 next line of macro text
opcode = byteval ue(srcline. menonic);
it (opcode == AS nmc) ] /'l nested macro? ]
Ideflnenacro(srcllne, failure); /1 recursion handles it
el se
{ listsourceline(srcline, nocodelisted, failure);
if (declared &% opcode != AS end && srcline.errors.isenpty())
Macr o- >storel i ne(macro, srcline); /1 add to macro text

} &hile (opcode !'= AS_end);

voi d AS::assenbl el i ne( SA_unpackedl i nes &srcline, bool &failure)

/1 Assenbl e single srcline o

{if (Vinclude) { include = true; return; } /1 conditional assenbly
bool badaddress, found, undefi ned;
MH_macro macro;

int formal;
Macr o- >checkmacr o(srcl i ne. menoni ¢, macro, found, formal); )
if #found? /1 expand macro and exit
{1 2src ine.labell ed) Table->enter(srcline.labfield, |ocation);
if (formal != srcline.address.|ength /! nunber of parans okay?
srcline.errors.incl (ASM nm smat ched);
listsourceline(srcline, nocodelisted, failure);
if (srcline.errors.isenmpty()) /1 okay to expand?
Macr o- >expand(macro, srcline.address, this, failure);
return;

adaddress = fal se; ) o
objline.location = |ocation; objline.address = 0;



obj | i ne. opcode = byteval ue(srcline. menonic);
if (objline.opcode == AS err) /'l check various constraints
srcline.errors.incl (ASM.i nval i dcode);
else if (objline. opcode > AS mac |
obj line.opcode > MC hlt && objline.opcode < AS err)
{ if (srcline.address.length == 0) srcline.errors.incl (ASM noaddress); }
else if (objline.opcode !'= AS mac && srcline.address.length T= 0)
srcline.errors.incl (ASM hasaddress);
if (objline opcode >= AS err && objline.opcode <= AS_dc)
{ switch (obL i ne. opcode) /1 directives
{ case AS_beg:
| ocation = O;
br eak;
case AS org:
evaluate?srcline.address, | ocation, undefined, badaddress);
if (undefined) srcline.errors.incl(ASM undefinedl abel);
objline.location = | ocation;
br eak;
case AS ds:
if (srcline.labelled) Table->enter(srcline.labfield, |ocation);
evaluategsrcline.address, obj I i ne. address, undefined, badaddress);
if (undefined) srcline.errors.incl(ASM undefi nedl abel);
I ocation = (location + objline.address) % 256;
br eak;
case AS nul:
case AS err:
Lf (Ercline.labelled) Tabl e->enter(srcline.labfield, |ocation);
reak;
case AS_equ
eval uat e(srcline. address, objline.address, undefined, badaddress);
if (srcline.labelled)
ITable->enter(srcline.IabfieId, obj l'i ne. addr ess);
el se
srcline.errors.incl (ASM unl abel | ed);
if (undefined) srcline.errors.incl(ASM undefi nedl abel);
br eak;
case AS dc
if (srcline.labelled) Table->enter(srcline.labfield, |ocation);
eval uat e(srcline. address, objline.address, undefined, badaddress);
Machi ne->meni | ocati on] = objline. address;
| ocation = (location + 1) % 256

br eak;
case AS if: ) o )
evaluategsrcllne.address, obj I i ne. address, undefined, badaddress);
if (undefined) srcline.errors.incl(ASM undefinedl abel);
anlﬂde = (objline.address != 0);
reak;

case AS mac
defi nemacro(srcline, failure);
br eak;

case AS end
assenbl ing = fal se;

br eak;
el se /| machi ne ops
{ if (srcline.labelled) Table->enter(srcline.labfield, |ocation);
Machi ne->nmeni | ocati on] = objline. opcode;
if (objline.opcode > MC hlt /1 TwoByt eOps

{ location = (location + 1) % 256; )
eval uat e(srcline. address, objline.address, undefined, badaddress);
Machi ne->meni | ocati on] = objline. address;

) ocation = (location + 1) % 256; /1 bump | ocation counter
i f (badaddress) srcline.errors.incl(ASM.inval i daddress); ] ]
if (objline.opcode !'= AS mac) |istsourceline(srcline, codelisted, failure);

}

void AS::firstpass(bool &errors)
/1 Make first and only pass over source code
{ SA unpackedlines srcline
location = 0; assenbling = true; include = true; errors = fal se;
whil e (assenbling)
{ Parser->parse(srcline); assenbleline(srcline, errors); }
Tabl e->pri nt synbol t abl e(errors);
if (lerrors) Tabl e->outstandi ngreferences(Machi ne->nmem backpatch);

voi d AS:: assenbl e(bool &errors)
{ rintfg"Asseaning .o.\n");
printf(Srce->lst, "(One Pass Macro Assenbl er)\n\n");
firstpass(errors);



Machi ne->l i st code();

AS: : AS(char *sourcenane, char *listname, char *version, MC*M

{ Machine =
Srce = new SH(sourcenane, |istnane, version);
Lex = new LA(Srce);
Parser = new SA(Lex);
Tabl e = new ST(Srce);
Macr o = new ;

/1 enter opcodes and mmenoni cs in ALPHABETI C order

/1 done this way for ease of nodification |ater

opcodes = 0; /1 bogus one for erroneous data

enter("Error ", AS err); /1 for lines with no opcode

enter(" ", AS nul); enter("ACl", MC aci); enter("ACX', MC acx);
enter("ADC', MC adc enter("ADD', MC add); enter("ADl ", MC adi

enter("ADX", MC adx enter (" ANA" | MC_ana); enter("ANI", MC ani
enter("ANX", MC anx enter("BCC', MC bcc); enter("BCS', MC bcs);
enter("BEG', AS beg enter (" BNG', , -

enter("BPZ", MC bpz
enter("CLA", MC cla
enter("CMC', MC cnt
enter("CPX", MC_cpx
enter ("DEX', MC dex
enter("EQU', AS equ
enter("INA", MCina
enter ("I NH', MC.nh
enter("JSR', MCjsr

enter("CLC', MCclc); enter("CLX", MC clXx);
enter (" CWP", lVC_crrEn ; enter("CPI", MC cpi

MC _bng enter("BNZ", MC bnz
enter("BRN', MC_ brn); enter("BZE', MC bze);

enter("DC', AS dc); enter("DEC', MC dec);
enter("DS", AS ds); enter("END', AS end);
enter("HLT", MChlt); enter("IF', AS.if);
enter("INB', MCinb); enter("INC', MCinc

enter("IN", MCini);
enter("LDA", MClda);

enter ("I NX', MC.inx
enter("LD ", MCIdi

enter("LDX", MCldx); enter("LSI", MCIsi); enter("LSP', MCIsp);
enter("MAC', AS _nmc enter ("NOP", MC nop); enter("ORA", MC ora);
enter("ORG', AS org enter("ORl ", > orl); enter("ORX", MC orx);
enter("OTA", MC ota enter("OIB", MC oth); enter("OIC', MC otc);
enter("OTH', MC oth enter("Orl", MCoti); enter("POP", MC pop);
enter("PSH', MC psh enter("RET", MCret); enter("SBC', MC shc);
enter("SBI", MC sbi enter("SBX', MC sbx); enter("SCl", MC sci);
enter("SCX", MC scx enter("SHL", MC shl); enter("SHR', MC shr);
enter("STA", MC sta enter("STX", MC_stx); enter("SUB", MC sub);

enter (" TAX", MC_tax

/1 Definition of sinple single-accumul ator nachine and sinple enul ator
/1 P.D. Terry, Rhodes University, 96

#i f ndef MC_H
#define MC_H

#include "m sc. h"

/1 machine instructions - order inportant
enum MC_opcodes {

MC _nop, MC cla, MCclc, MCclx, MCcnc, MC.inc, MC dec, MC.inx, MC dex,
MC tax, MCini, MCinh, MCinb, MCina, MCoti, MCotc, MCoth, MC oth,
MC ot a, I\/C_Iosh, MC_pop, MC_shl, MC_shr, MCret, MC hlt, MC_|da, MC|dx,
MC Idi, MCIlsp, MCIsi, MCsta, MC stx, MC add, MC adx, MC adi, MC adc,
MC_acx, MC acl, MC sub, MC sbx, MC shi, MC shc, MC scx, MC sci, MC cnp,
MC cpx, MC cpi, MC_ana, MC_anx, MC ani, MC ora, MC orx, MCori, MC brn,
MC_bze, MC bnz, MC bpz, MC bng, MC bcc, MC bcs, MCjsr, MC bad = 255 };

typedef enum{ running, finished, nodata, baddata, badop } status;
t ypedef unsigned char MC_bytes;

class MC {
public:
MC_bytes meni 256] ; /1 virtual nmachine menory

void |istcode(void);
/1 Lists the 256 bytes stored in nemon requested output file

voi d ermul ator (MC bytes initpc, FILE *data, FILE *results, bool tracing);
/1 Emul ates action of the instructions stored in mem w th program counter
/1 initialized to initpc. data and results are used for I/0O

/1 Tracing at the code |l evel nay be requested

void interpret(void); ) )
[l Interactively opens data and results files, and requests entry point.
/1 Then interprets instructions stored in MC_nmem

MC byt es opcode(char *str);
/1 Maps str to opcode, or to MC bad (OFFH) if no match can be found



ND(?;

/1 Tnitializes accumul ator machi ne
private:
struct processor {
MC bytes a; [l Accumul at or
MC byt es sp; [l Stack pointer
MC bytes x; [l I'ndex register
MC bytes ir; [l lnstruction register
MC byt es pc; /1 Program count
bool "z, p, c; /1 Condition flags

processor cpu,
status ps;

char *mmenoni cs[ 256] ;
void trace(FI LE *results, MC > bytes pcnow);
voi d postnorten(Fl LE *results, MC byt es pcnow);
voi d setflags(MC_bytes MC register);
y MC_byt es i ndex(void);

#endi f /*MC_H+/

/1 Definition of sinple single-accumul ator nmachine and sinple emnul ator
/1 P.D. Terry, Rhodes University, 1996

#include "m sc. h"
#i nclude "nt. h"

/1 set break-in character as CTRL-A (cannot easily use \033 on Ms-DQOS)
const int ESC = 1;

voi d i ncrement (MC_bytes &x)
renent with folding at 256
(x + 257) % 256; }

voi d decrenent (MC_bytes &x)
enment with folding at 256
X + 255) % 256; }

inl
/

inline
/1l Inc
{X=

>

e
C

IIQ

MC. : opcode(char *str)

e linear search suffices for illustration

int i :0; str[i]; i++) str[i] = toupper(str[i]);
es | = MC nop;

(1 <= TMC_[sr &&strcnp(str menoni cs[1])) | ++;
<= MC_jsr) return |; else return MC bad;

y print all 256 bytes in 16 rows

}
)/?i d :listcode(void)
{ es nextbyte = 0;

%)
3—5

- x——h—h—h—h—h.—r—

Ienarre[256]
g Li sting code . .. \n')
n

Llstlng file [NUL] 2 ");

ol

oO~M~ WS-
N~ —+ —

nane == '\0’) return;
tflle—fopen(fllenama "w');
le == NULL) listfile = stdout;
istfile);

1, i <= 16; i++)

i
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-

i
ile
ile
lis
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i <= 16; i ++
- |e "o@d", nen{nextbyte]); increment(nextbyte); }
i .

o
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c

) 1f (listfile !'= stdout) fclose(listfile);

void MC: :trace(FILE *results, MC_bytes pcnow)

/1 Sinple trace facility for run time debuggl ng

{ fprintf(results, " PC = %2X A = %2X ", pcnow, cpu.a),
fprintf(results, " X = 9®2X SP = 992X ", cpu.X, cpu. sp)
fprintf(results, " Z =% P =%l C= %", cpu.z, cpu.p, Cpu.c),
fprintf(results, " OPCODE = 92X (%)\n", cpu.ir, mmenoni cs[cpu ir]);

void MC::postnorten(FILE *results, MC_bytes pcnow)
/1 Report run tinme error and p05|t|0n
{ switch (ps)
{ case badop: fprintf(results, "Illegal opcode"); break;



case nodata: fprintf(results, "No nore data"); break;
case baddata: fprintf(results, "lnvalid data" br eak;

printf(results, " at %\ n", pcnow);
trace$resu| ts, pcnow)
printf("\nPress RETURN to conti nue\ n");
scanf (" %E"\n] ); getchar();

i stcode(
}
inline void MC: :setflags(MC_bytes MC register)
/1 Set P and Z flags according to contents of register
{ cpu = (MC_register == 0); cpu.p = (MC_register <= 127); }
inline MC bytes MC: :index(voi d?
[l Cet |nEIexed address with fol di ng at 256
{ return ((menfcpu.pc] + cpu.x) % 256)
voi d readchar (FI LE *data, char &ch, status &pv\L
/1 Read ch and check for break-in and ot her ward val ues
{if (feof(data); { ps = nodata; ch =" ’'; return;
ch %etc(data
if E == ESC) ps = finished;
) if (ch <’ ' || feof(data)) ch =" ";
i nt _hexdi git(char ch)
/1 Convert CH to equi val ent val ue
{i ch >='a & ch <= '¢e’) return(ch + 10 - "a’);
|f ch >="A & ch <= "FE') return(ch + 10 - "A);
if |sd|g|tEch)) return(ch - 0");
y el se return(0)

int getnunber (FILE *data, int base, status &ps)
/! Read nunber in requi red base
{ bool negative = false;

char ch;

int num= 0;

do
readchargdata, ch, ps); )
while (! > |Ffeof(data) |1 ps !'= running));

1f $ pS == runni ng)
{i (feof(data))
ps = nodat a;

el se
{ if (ch == ") { negative = true; readchar(data, ch, ps); }
else if (c h == "+") readchar(data ch, ps);
if (!|sxd|g|t(ch))
ps = baddat a;
el se

{ while (isxdigit(ch) & ps == running)
{ if (hexdigit(ch) < base & num <= (maxint - hexdigit(ch)) / base)
num = base * num + hexdigit(ch);

el se
ps = baddat a;
readchar (data, ch, ps);
} .
if (negative) num = -num
if (num> 0
return num % 256;
el se

return (256 - abs(nun) % 256) % 256;

return O;

}
}/0| d MC:.:enul ator (MC_bytes initpc, FILE *data, FILE *results, bool tracing)

MC_bytes pcnow, /1 ad program count

MC bytes carry;, /1 Value of carry bit

cpu.z = fal se; cpupzfalse cpu.c false [/ initialize flags

cpu.a = 0; cpu.x = 0; Cpu.sp = [l initialize registers

cpu. pc = initpc; /1 initialize program counter

ps = running;
d

o]
{ cpu.ir = menicpu.pc]; /1 fetch
pcnow = cpu. pc /1 record for use in tracing/postnortem
|ncrement(c u. /1 and bunp in anticipation
if (traci ngS) trace(resul ts, pcnow;
switch (cpu.ir) /] execute



{ case MC_nop:
br eak;
case MC cl a:
cpu.a = 0; break;
case MC clc:
cpu.c = fal se; break;
case MC cl x:
cpu.x = 0; break;
case MC cnt:
cpu.c = !cpu.c; break;
case MC_inc:
increnent (cpu.a); setflags(cpu.a); break;
case MC _dec:
decrenment (cpu.a); setflags(cpu.a); break;
case MC_inx:
i ncrement (cpu. x); setflags(cpu.x); break;
case MC _dex:
decrenent (cpu. x); setflags(cpu.x); break;
case MC tax:
Cpu. X = cpu. a; br eak;
case MCini:
cpu.a = get nunber (data, 10, ps); setflags(cpu.a); break;
case MC_inb:
cpu.a = ﬂet nunber (data, 2, ps); setflags(cpu.a); break;
case MC_inh:
cpu.a = getnunber(data, 16, ps); setflags(cpu.a); break;
case MC_ina:

char ascii;

readchargdat a, ascii, ps);

if (feof(data)) ps = nodata;

gl se { cpu.a = ascii; setflags(cpu.a); }
r eak

case l\/Cotl
(cpu.a < 128)
fprlntf(results "0¢ ", cpu.a);
el se
fprintf(results, "% ", cpu.a - 256);
if ( acing) putc(’\n’, results);
br eak
case l\/Coth
fPrlntf(resuIts "op2X ", cpu.ag;
A (traC| ng) putc(’\n’ results ;
rea
case l\/Cotc
fPrlntf(resuIts "% ", cpu.a);
(tracn ng) putc(’\n’ results)

case I\/C_ota
putc(cpu.a, resul tsz;
1f (tracing) putc(’ results);
br eak;
case MC oth:
int bits[8];
MC_byt es nunber = cpu. a;
for (int loop = 0; loop <= 7; |oop++)
{ blts[loop] = nunber % 2; nunber /= 2; }

f or P 7; loop >= O; | 0o

fprlnt (results "o@", bits Ioop])

utc(’ ', resul ts)

1f (tracing) putc('\n', results);

br eak;
case MC psh:

decrenent (cpu. sp); menfcpu.sp] = cpu.a; break;
case MC pop

cpu.a = rren{ cpu.sp]; increment(cpu.sp); setflags(cpu.a); break;
case MC_ hI

cpu.c = gcpu a* 2 > 255); cpu.a = cpu.a * 2 % 256;

setfl ags(cpu. a); break;
case MC shr:

cpu.c = cpu.a & 1; cpu.a /= 2; setflags(cpu.a); break;
case MC ret:

I\/EC = men{ cpu.sp]; increnment(cpu.sp); break;

case

ps = |n|shed br eak;
case MC_ Ida

cpu.a = msrr[ nmenf cpu. pc]]; increment(cpu.pc); setflags(cpu.a); break;
case MC_| dx

cpuN% lzdrren{l ndex()]; increment(cpu.pc); setflags(cpu.a); break;
case

cpu.a = menfcpu. pc]; increment(cpu.pc); setflags(cpu.a); break;
case MC |s sp:

Cpu.sp = men{ men{ cpu. pc]]; increnment(cpu.pc); break;
case MC | si



cpu.sp = nenfcpu.pc]; increnent(cpu.pc); break;
case MC sta:

nmeni rrer’r{ cpu. pc]] = cpu.a; increnent(cpu.pc); break;
case MC stx:

menii ndex()] = cpu.a; increnment(cpu.pc); break;
case MC_add

cpu.c = gcpu a + ne meqcpu. ch > 255);

cpu.a = (cpu.a + ne cpu. pc %256

increment (cpu. pc); setflags(cpu.a br eak
case MC_adx:

cpu.c = gcpu a + nme |ndex8 > 255)

cpu.a = (cpu.a + nen|index ) %256

|ncrerrent(cpu pc); setflags(cpu.a); break;
case MC_ ad
cpu.c = Ecpu a + ne cpu pc] > 255)
cpu.a = (cpu.a + me upc)%256
i ncrenment (cpu. pc); set | ags(cpu. a); break;
case MC adc:
carry = cpu.c;
cpu.c cpu.a + ne :}‘{cpu ch + carry > 255);
cpu. a cpu.a + ne cpu. pc + carrK) % 256;
increnent(cpu.pc); setfl ags(cpu a); break;
case MC_acx:

carry = cpu.c; )
cpu.c = (cpu.a + nmenfindex + carry > 255);
cpu.a = (cpu.a + men|index + carr %256

mcrerrent(cpu pc); setflags(cpu.a); rea
case MC aci

carry = cpu.c;
cpu.c = (cpu.a + nmenfcpu.pc] + carry > 255)
cpu.a = (cpu.a + e Pu pc] + carryL %256
|ncrerrent(cpu pc); setflags(cpu.a) re

cpu.c = (cpu.a < nenfnenfcpu.
cpua—Ecpua- gl[cuch +256) % 256;
mcR/eCnEBt(cpu pc); setfl ags(cpu a); break;
case sbx
cpu.c = gcpu.a < ne |ndex8])
cpu.a = (cpu.a - nenfindex + 256) % 256;
|ncrement(cpu pc); setflags(cpu.a); break;
case MC _sbhi:

cpu.c = (cpu.a < me cp .pcl);

cpu.a = (cpu.a - ne u.pc] + 256) % 256;

|ncrerrent(cpu pc); set | ags(cpu. a); break;
case MC sbc

carry

= Cp
cu.c:cua<ma cpu. pc + carr
cBu a = csu a - merrq B b H - carry)+ 256) % 256;
|ncrerrent(cpu pc); setfl ags(cpu a); break;
case MC_scx

carry = cpu.c;
cpu.c = (cpu.a < ne index8] + carry);
cpu.a = (cpu.a - nenfindex

- carrg + 256) % 256;
|ncrerrent(cpu pc); setflags(cpu.a); bre
case MC sci:

carry = cpu.c;
cpu.c = gcpu.a < nmenj cpu. pc] + carry);
cpu.a = (cpu.a - nmenjcpu.pc] - carry + 256) % 256;

i ncremen t(cpu.pc); setfl ags(cpu. a); break;
case MC c

cpu.c = pu.a < men{nmenicpu. pc]]);
setfl ags Escpu a - nen{nen{cpu pc” + 256) % 256);
mcR/Ema nt (cpu. pc); break;
case X:
cpu.c = Ecpu a < man{mdex()”
setfl ags((cpu.a - meniindex( + 256) % 256);
i ncrement (cpu. pc); break;
case MC cpi:

cuc—gcpua<men10pu ]}
setflags((cpu.a - nmeni ch pc] + 256) % 256);
increment (cpu.pc); brea
case MC ana:

cpu.a &= neni menfcpu. pc]];

increnment (cpu. pc); setflags(cpu.a); cpu.c
case MC_anx:

cpu.a & nenfi ndex()]

mcremant(cpu pc); setfl ags(cpu.a); cpu.c
case MC ani:

cpu.a & men{c u. pcl;

i ncrenment (cpu. pc) setfl ags(cpu.a); cpu.c
case MC ora:

cpu.a | = nmeni menf cpu. J

increnent (cpu.pc); setf ags(cpu a); cpu.c

fal se; break;

fal se; break;

fal se; break;

fal se; break;



case MC_orx:

cpu.a | = manilndex()]

mcremant(cpu pc); setfl ags(cpu.a); cpu.c = fal se; break;
case MC ori:

cpu.a | = man{cpu pc 1;

|ncrerrent(cpu pc); setfl ags(cpu.a); cpu.c = fal se; break;

case MC br
cagguNEFb; nen{cpu pc]; break;

if (cpu z) cpu.pc = nenjcpu.pc]; else increnment(cpu.pc); break;
case

if ('cBu z) cpu. pc = nmenfcpu.pc]; else increment(cpu.pc); break
case

if (cpg p) cpu. pc = nenjcpu.pc]; else increment(cpu.pc); break;
case

if &&FBU p) cpu. pc = nenfcpu. pc]; else increment(cpu.pc); break
case CS:

if &EFE'C) cpu. pc = nenjcpu.pc]; else increment(cpu.pc); break;
case cc:

if (lcpu.c) cpu.pc = nmenfcpu.pc]; else increment(cpu.pc); break;
case MC jsr:

decrement(cpu sp);
nmenf cpu. sp] = (cpu c + 1) % 256; // push return address
cpu. pc = nmeni cpu. pc br eak;
def ault
) ps = badop; break;

} whi (ps == running);
if (p s '- fini shed) postrmrten(results pcnow) ;

}

void MC i nterpret(voi d)
{ char fil ename[256]
FILE *data, *results;
bool tracing;
int entr%/
printf("\nTrace execution (y/N/q)” ")
char reply = getchar(); scanf(" 0/Ef["\n] ); getchar();

if (toupper(repl y) I=

{ tracing = toupper(reply) =="Y;
printf("\nData file rSTD Nl ?"); gets(filenane);
| f (fllenanB£0] == '\0") data = NULL;
el se data = Een(fllenane "r");
if (data ==
{ prlntf( taklng data fromstdin\n"); data = stdin; }
printf("\nResults file [STDOUT] ? "); gets(fllenanE)
I f (fllenane[O] =="'\0 results = NULL;
else results = foEen(fl ename, "w');
if (results ==
{ prlntf( sendlng results to stdout\n"); results = stdout; }
printf(" Entry point? "
1f (scanf(" 9@96[A\n] , &entry) I=1) entry = 0; getchar();
emul ator (entry % 256, data, results, tracing);
if (results I'= stdout? fclose(results)
y if (data != stdin) fclose(data);
}
MC Iw%)
{ for (int i =0; i <= 255; i++) nenfi] = MC_bad,
/1 Initialize rmemonic table
for (i =0; i <= 255 |++) mmenoni csi ] "R,
mmenoni cs[MC_aci] = "ACl"; mmenonics NC acx] = "ACX";
mmenoni cs[ MC adc] = "ADC'; mmenoni cs|{ MC_add] = ADD;
menoni cs[ MC_adi|] = "AD " © mmenoni cs MC_adx] = "ADX";
menoni cs{ MC_ana] = "ANA"' menoni cs{ MC_ani|] = "ANI";
menoni cs| MC_anx] = ; mmenoni cs[ MC bcc] = "BCC';
mmenoni cs| MC bcs] =" BCS"' mmenoni cs| MC_bng] = "BNG';
menoni cs| MC bnz| = "BNzZ" mmenoni cs| MC_bpz] = "BPZ";
mmenoni cs| MC brn] = "BRN': nmenoni cs MC_bze] = "BZE";
mmenoni cs[ MC cla] = "CLA"; menonics[{MC clc] = "CLCH
menoni cs| MC ¢l x] = "CLX"; mmenonics| MC cnt] = "CMC';
mmenoni cs[ MC cnp] = "CWP"; menoni cs[{MC cpi] = "CPlL"S
menoni cs| MC_cpx] = "CPX"; menonics| MC _dec|] = "DEC';
mmenoni cs| MC_dex] = "DEX"; menonics[MC hlt] = "HLT";
mmenoni cs[ MC_ina] = "INA"; mmenonics[MC inb] = "INB";
menoni cs| MC_inc] = "INC'; mnenonics|MCinh] = "INH";
menonics[MC_ini] = "IN"; menonics[MC inx] = "INX";
menoni cs hK;{sr = "JSR'; menoni cs|MC | da] = "LDA";
menonics[MC 1di] = "LDI"; menonics[MC |dx] = "LDX";
mmenoni cs[MC Isi] = "LSI"; mmenonics[MC |sp] = "LSP";
menoni cs| MC_nop] = "NOP"; mmenoni cs[ MC ora] = "ORA";
mmenoni cs[MC_ori] = "ORI"; mmenonics[MC orx] = "ORX";
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Priority queue 297
Procedural paraneter 275
Procedure
activation 248, 263
grammars 102, 118
LL(1) 118, 125
Ret urn address 246, 249, 253
RETURN st at enent 260, 265, 268, 277
Return val ue 265
Reverse Polish 65, 150
Rewrite rule 54
Ri ght canoni cal derivation 56
Ri ght linear granmar 109
Ri ght recursion 54, 126
ROM BI OS 33
Round-robi n schedul er 296
Rul e of inference 69
Rul e of consequence 69
Run-tine 2, 71

One- address code 27

One and a hal f address code 27

One- pass assenbl er 74, 83

Opcode 27, 71

Open array 260, 275

Operating system 2

Operational semantics 33, 68
calling 249, 252, 255, 266
decl aration 245

nested 242

paraneters 259

regul ar 241

return 246, 250, 253
Process

concurrent 281
descriptor 291
paral l el 282
priority 297
sequential 281
Pr oducer - consuner probl em 285
Produces 54
Produces directly 54
Production rule 53
Productions 53, 62
Cocol 169
null 58, 103
single 104, 129
unr eachabl e 107
usel ess 103, 128
Program counter 26, 30, 39
Program proving 69
Pseudo- code 16
Push- down automata 143

Qualified identifier 135

R-val ue 212
Range checks 229
Rati onal Pascal 205
Real -tine 282
Record types 216
Recur si on
in BNF 57, 59
in grammars 54
in procedures 254, 257, 276
left 54, 126, 152
right 54, 126
Recursi ve descent parsing 116, 129, 132
Reduce action 144
Reduced grammar 103
Reduct i ons 143
Redundant code 236
Regi ster 25
al | ocation 180
i ndexed addressing 29
indirect addressing 29
status 30
Regul ar
expression 50, 139
granmar 109
procedure 168, 241
Rehashi ng 91
Rel ati ve addressing 29, 46
Rel ocat abl e code 7, 97
Renoval of redundant code 236
REPEAT | oop 125, 204, 223
Reserved keywords 10, 64, 125, 142, 200
Restrictions
Si de-effect 70, 84, 279
Si gnal 284, 287, 295
Si ngl e-accunul at or machi ne 30
assenbl er 37
ermul ator 35
opcodes 31
Singl e pass conpilation 14
Singl e production 104, 129
SKI P statenent 205
Source handling 76, 196, 198
Sour ce | anguage 2
Spr eadsheet 15, 190
Spurious error 136, 138
Stack frame 39, 246, 253, 263
Stack machine 38, 217, 226, 230

149,



S-attributed grammar 157
SLR parsing 146
SYNC 168, 170, 208
Sal e’ s al gorithm 277
Scanner 8, 52, 58, 77, 89, 129, 139
generator 146
interface 166
speci fication 163
Scope
insecurities 276
node 243
rul es 242
Sel f-conpi ling conpiler 20
Sel f - enmbeddi ng 53, 54, 143
Sel f-resident translator 7
Semanti c
action 149, 151
attributes 152
driven parser 169, 210
error detection 172
overtones 61, 133
Sermantics 49
axi omatic 69
denot ati onal 69
dynamic 4, 68
formal 67
operational 68
short-circuit 12, 180, 228, 239
static 4, 68, 81, 209
Semaphore 284, 287, 291, 295
SenError() 173
Sem col on 128, 212
Sentence 50, 53
Sentential form 54
Sentinel node 243
Separate conpilation 7, 14
Sequential al gorithns 281
Sequential conjunction 12
Sequenti al process
Set class 87, 137
Shakespeare 124
Shared menory 290
Shift action 144
Shift-reduce conflict 146

Short-circuit semantics 12, 14, 180, 228, 239

Term nal 53, 60
start sets and synbols 118
successors 120
Thr ee- address code 27
Ti me-slicing 290, 297
Token 8, 50, 165
cl asses 163
Tonic Sol fa 193
Top-down parsing 116, 143
Topsy 114, 195
report (on Diskette)
Transition di agram 141
Transmtted attribute 157
Transputer 290
Tree-bui |l di ng actions 181
Turbo Pascal 3, 7, 16, 35, 183, 198, 257
Two- addr ess code 27
Two- pass assenbler 73, 80
Type 0 granmmar 107
Type 1 granmar 103
Type 2 granmar 109
Type 3 granmmar 109
Type checking 10, 214
Type identifiers 205

UCSD Pascal 17, 23, 99
Unbriel 239, 278

Undecl ared identifier 82, 214
Uni on 146, 183, 213, 216, 232
UNI X 2, 66, 151

Unrestricted granmar 107

Usel ess production 103, 128
User nanmes 166

VDL 69
VDM 69
Val ue Desi gnator 212, 232

assenbl er 47
emul ator 42
opcodes 40
Stack pointer 30, 39, 48, 230
Start sets 118
Start synbol 53, 55
State di agram 290
State variable 91
Static
| evel 243, 247
link 248
semanti c anal yser 10, 81, 87, 208, 266
semantics 4, 68, 209, 266
Status register 30
St or age nanagenent 246
String 50, 199, 228
table 74, 79
type 216
Structural equival ence 215
Subrange 25, 200, 216
Subroutine 93
Subset | anguage 20
Successful () 173
swi tch statement 204
Synbol 50
beacon 137, 211
goal 53

Synbol table 13, 73, 80, 89, 135, 209, 212, 2.

Synchroni zati on 136, 170, 206, 284
SynError () 173
Syntactic class 53
Syntax 4

anal yser 10, 79, 87

di agram 67

equation 54

error recovery 136, 162
Syntax directed translation 149
Synt hesi zed attribute 154
Synt heti c phase 8
Systens program 2

T-di agram 6, 19
Tabl e-driven al gorithm 141, 145
Target | anguage 2



Vari abl e
decl arations 138
designator 212, 259
of f set 226, 247, 263, 289
redecl ared 242
undecl ared 82, 214
Vari abl e Designator 212, 232, 259
Variant record 146, 183, 213, 216, 232
Virtual machine 7, 16, 230
Visibility 242
Vocabul ary 53
Voi d function 129, 168, 241, 244, 257

Wait 284, 287, 295

Weak separator 171, 206

Weak termnal 168, 170

WH LE | oop 10, 68, 70, 205, 219

Wrth 3, 59, 189, 206, 240, 257, 277, 298
W TH st at enent 68

Yacc parser generator 146, 147, 151

Z80 processor 229
Zer o- address instruction 40



