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Introduction

CIT 445 — Principles and Techniques of Complierss a three (3) credit unit course
of 17 units. With the increasing diversity and céemgy of computers and their
applications, the development of efficient, relelsbftware has become increasingly
dependent on automatic support from compilers ati@droprogram analysis and
translation tools. This course covers principal idepin understanding and
transforming programs at the code block, functipmgram, and behavior levels.
Specific techniques for imperative languages ineladta flow, dependence, inter-
procedural, and profiling analyses, resource alionaand multi-grained parallelism
on both CPUs and GPUs

It is a course for B. Sc. Computer science majodestits, and is normally taken in a
student's fourth year. It should appeal to anyohe 8 interested in the design and
implementation of programming languages. Anyone abes a substantial amount of
programming should find the material valuable.

This course is divided into four modules. The firsbdule deals with the review of
grammars, languages and automata, introductioartgier

The second module treats, extensively, lexicalyamal Under which such concepts as
the scanner, lexical analyser generation were sl

The third module deals with syntax analysis anaudises context-free grammars,
LL(k), LR(k), operator-precedence grammars, etsoAlimplementation of various
parsing techniques was discussed.

The fourth module which is the concluding moduletio¢ course discusses code
generation issues such as symbol tables, interteediapresentation, code
optimization techniques and code generation.

This Course Guide gives you a brief overview of ¢barse contents, course duration,
and course materials.

What you will learn in this course

The main purpose of this course is to acquaintestted with software tools and
techniques which are applicable both to compilexd #e implementation of system
utility routines, command interpreters, etc..Thus,intend to achieve this through the
following:

Course Aims

First, students will learn the key techniques indexm compiler construction, getting
prepared for industry demands for compiler engisieer

Second, students will understand the rationale afious program analysis and
optimization techniques, able to improve their pamgming skills accordingly.



The third goal is to build the foundation for statieto pursue the research in the areas
of compiler, program analysis, program modelingl aperating systems

Course Objectives
Certain objectives have been set out to ensurdlibatourse achieves its aims. Apart
from the course objectives, every unit of this seuhas set objectives. In the course
of the study, you will need to confirm, at the esfdeach unit, if you have met the
objectives set at the beginning of each unit. Upompleting this course you should
be able to:
» Recognize various classes of grammars, languageéswomata, and employ
these to solve common software problems;
» Explain the major steps involved in compiling atiigvel programming
language down to a low-level target machine languag
e Construct and use the major components of a manenpiler;
» Work together effectively in teams on a substarg@tware implementation

project.

Related Courses
Prerequisites: CIT 342; Computer Science studariis o

Working Through This Course

In order to have a thorough understanding of thesm units, you will need to read
and understand the contents, practise the steplesigning a compiler of your own
for a known language, and be committed to learnamgl implementing your
knowledge.

This course is designed to cover approximately rs#ees weeks, and it will require
your devoted attention. You should do the exeraisélse Tutor-Marked Assignments
and submit to your tutors.

Course Materials
These include:

1. Course Guide

2. Study Units

3. Recommended Texts

4. A file for your assignments and for recordsnonitor your progress.

Study Units

There are 17 study units in this course:

Module 1: Introduction to Compilers
Unit 1: Review of Grammars, Languages and Automata
Unit 2: What is a Compiler?
Unit 3: The Structure of a Compiler



Module 2: Lexical Analysis
Unit 1: The Scanner
Unit 2: Hand Implementation of Lexical Analyser
Unit 3: Automatic Generation of Lexical Analyzer
Unit 4: Implementing a Lexical Analyzer

Module 3: Syntax Analysis
Unit 1: Context-Free Grammars
Unit 2: Bottom-Up Parsing Techniques
Unit 3: Precedence Parsing
Unit 4: Top-Down Parsing Techniques
Unit 5: LR Parsers

Module 4: Code Generation
Unit 1: Error Handling
Unit 2: Symbol Tables
Unit 3: Intermediate Code Generation
Unit 4: Code Generation
Unit 5: Code Optimization

Make use of the course materials, do the exertaseshance your learning.

Textbooks and References

1. Appel, A., Modern Compiler Implementation in Ja2ad ed., Cambridge

University Press, 2002.

2. Fischer, LeBlanc, CytrqrCrafting a Compiler ImplementatipAddison-
Wesley

3. Randy Allen and Ken Kennedy, "Optimizing Compiléys Modern
Architectures”, Morgan Kaufmann Publishers, 2001.

4. Keith D. Cooper and Linda Torczon, "Engineeringariler”, Morgan
Kaufmann Publishers, 2004

5. Aho, Alfred & Sethi, Ravi & Ullman, JeffreyCompilers: Principles,
Techniques, and ToolSBN 020110088@ he Classic Dragon book.

6. Appel, AndrewModern Compiler Implementation in C/Java/NHespectively

9.

ISBN 0-521-58390-XYSBN 0-521-58388-8SBN 0-521-58274-1lis a set
of cleanly written texts on compiler design, stuldieom various different
methodological perspectives.

Brown, P.JWriting Interactive Compilers and InterpreteiSBN
047127609XUseful practical advice, not much theory.

Fischer, Charles & LeBlanc, Richa@rafting A CompiledSBN 0805332014
Uses an ADA like pseudo-code.

Holub, AllenCompiler Design in GSBN 013155045£&xtensive examples in
nen

10. Hunter, R.The Design and Construction of Compil&88N 0471280542

Several chapters on theory of syntax analysis, gik@ission of parsing
difficulties caused by features of various souereggliages.
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11. Pemberton, S. & Daniels, M.@ascal Implementation. The P4 Compiler
ISBN 085312358€Discussion) antSBN 085312437 X Compiler listing)
Complete listing and readable commentary for a &asmmpiler written in
Pascal.

12. Weinberg, G.MThe Psychology of Computer Programming: Silver
Anniversary EditiodSBN 0932633420nteresting insights and anecdotes.

13. Wirth, NiklausCompiler ConstructionSBN 0201403536-rom the inventor
of Pascal, Modula-2 and Oberon-2, examples in Gbero

Assignments File

These are of two types: the self-assessment egercad the Tutor-Marked
Assignments. The self-assessment exercises willblenayou monitor your
performance by yourself, while the Tutor-Marked ssnent is a supervised
assignment. The assignments take a certain pegeemfyour total score in this
course. The Tutor-Marked Assignments will be asskdsy your tutor within a
specified period. The examination at the end of tlmurse will aim at determining the
level of mastery of the subject matter. This cours#udes twelve Tutor-Marked
Assignments and each must be done and submittemtdaagly. Your best scores
however, will be recorded for you. Be sure to sémese assignments to your tutor
before the deadline to avoid loss of marks.

Presentation Schedule

The Presentation Schedule included in your courseemals gives you the important
dates for the completion of tutor marked assignsieand attending tutorials.
Remember, you are required to submit all your ass@nts by the due date. You
should guard against lagging behind in your work.

Assessment

There are two aspects to the assessment of theecouUfirst are the tutor marked
assignments; second, is a written examination.

In tackling the assignments, you are expected myajformation and knowledge

acquired during this course. The assignments messuibmitted to your tutor for

formal assessment in accordance with the deaditagsd in the Assignment File. The
work you submit to your tutor for assessment wallict for 30% of your total course
mark.

At the end of the course, you will need to sit &ofinal three-hour examination. This
will also count for 70% of your total course mark.

Tutor Marked Assignments (TMAS)

There are twenty-two tutor marked assignmentsigidburse. You need to submit all
the assignments. The total marks for the best tfBgassignments will be 30% of
your total course mark.



Assignment questions for the units in this coursecantained in the Assignment File.
You should be able to complete your assignments fiee information and materials

contained in your set textbooks, reading and studis. However, you may wish to

use other references to broaden your viewpointpaadide a deeper understanding of
the subject.

When you have completed each assignment, sendathier with form to your tutor.
Make sure that each assignment reaches your tator before the deadline given. If,
however, you cannot complete your work on time,tacinyour tutor before the
assignment is done to discuss the possibility adansion.

Examination and Grading

The final examination for the course will carry 7Q8rcentage of the total marks
available for this course. The examination will epevery aspect of the course, so
you are advised to revise all your corrected assegris before the examination.

This course endows you with the status of a teaaghdrthat of a learner. This means
that you teach yourself and that you learn, as {eanning capabilities would allow. It
also means that you are in a better position terdehe and to ascertain the what, the
how, and the when of your language learning. Nehernimposes any method of
learning on you.

The course units are similarly designed with thieontuction following the table of
contents, then a set of objectives and then tHegiia and so on.

The objectives guide you as you go through thesunitascertain your knowledge of
the required terms and expressions.

Course Marking Scheme

This table shows how the actual course markingakdn down.

Assessment Marks

Assignment 1- 4 Four assignments, best three mairkke four
count at 30% of course marks

Final Examination 70% of overall course marks

Total 100% of course marks

Table 1. Course Marking Scheme
Course Overview

Unit | Title of Work Weeks Assessment




Activity (End of Unit)
Course Guide Week 1
Module 1: Introduction to Compilers
1 Unit 1: Review of Grammars, Languages akideek 1 Assignment 1
Automata
Unit 2: What is a Compiler? Week 2 Assignment 2
Unit 3: The Structure of a Compiler Week 2 Assigmt 3
Module 2: Lexical Analysis
Unit 1: The Scanner Week 3 Assignment 5
2 Unit 2: Hand Implementation of LexicalWeek 3 Assignment 6
Analyser
3 Unit 3: Automatic Generation of LexicaWeek 4 Assignment 7
Analyzer
4 Unit 4: Implementing a Lexical Analyzer Week 4
Module 3: Syntax Analysis
1 Unit 1: Context-Free Grammars Week 5 Assignment 8
2 Unit 2: Bottom-Up Parsing Techniques Week 6 Assignt 9
3 Unit 3: Precedence Parsing Week 7- 8 Assignent
4 Unit 4: Top-Down Parsing Techniques Week 8- 9 sigysment 11
5 Unit 5: LR Parsers Week 10 | Assignment 12
11
Module 4: Code Generation
1 Unit 1: Error Handling Week 12 Assignment 13
2 Unit 2: Symbol Tables Week 13 Assignment 14
3 Unit 3: Intermediate Code Generation Week 14  dxesient 15
4 Unit 4. Code Generation Week 15 Assignment 16
5 Unit 5: Code Optimization Week 16 Assignment 17
Revision Week 16
Examination Week 17
Total 17 weeks

How to get the best from this course



In distance learning the study units replace the university lecturer. This is one of the
great advantages of distance learning; you can read and work through specially
designed study materials at your own pace, and at a time and place that suit you
best. Think of it as reading the lecture instead of listening to a lecturer. In the same
way that a lecturer might set you some reading to do, the study units tell you when
to read your set books or other material. Just as a lecturer might give you an in-class
exercise, your study units provide exercises for you to do at appropriate points.

Each of the study units follows a common formahe Tirst item is an introduction to

the subject matter of the unit and how a particulait is integrated with the other

units and the course as a whole. Next is a sketaohing objectives. These objectives
enable you know what you should be able to do kytiine you have completed the
unit. You should use these objectives to guider wbudy. When you have finished

the units you must go back and check whether yme laghieved the objectives. If

you make a habit of doing this you will significgnimprove your chances of passing
the course.

Remember that your tutor’s job is to assist youheWyou need help, don’t hesitate to
call and ask your tutor to provide it.

1. Read this Course Guide thoroughly.

2. Organize a study schedule. Refer to the ‘Courser@sw’ for more details.
Note the time you are expected to spend on eadtandihow the assignments
relate to the units. Whatever method you choses& you should decide on it
and write in your own dates for working on eacht.uni

3. Once you have created your own study schedule,vdoyilning you can to
stick to it. The major reason that students milhat they lag behind in their
course work.

4. Turn to Unit 1 and read the introduction and thgzcives for the unit.

5. Assemble the study materials. Information abouatwou need for a unit is
given in the ‘Overview’ at the beginning of eachturiYou will almost always
need both the study unit you are working on and afngour set of books on
your desk at the same time.

6. Work through the unit. The content of the unieltshas been arranged to
provide a sequence for you to follow. As you wtirkough the unit you will be
instructed to read sections from your set bookstloer articles. Use the unit to
guide your reading.

7. Review the objectives for each study unit to confihat you have achieved
them. If you feel unsure about any of the objedjveview the study material
or consult your tutor.



8. When you are confident that you have achieved #suobjectives, you can
then start on the next unit. Proceed unit by udmbugh the course and try to
pace your study so that you keep yourself on sdeedu

9. When you have submitted an assignment to your fatamarking, do not wait
for its return before starting on the next unitee to your schedule. When
the assignment is returned, pay particular attantmoyour tutor’'s comments,
both on the tutor-marked assignment form and alsttew on the assignment.
Consult your tutor as soon as possible if you rewequestions or problems.

10. After completing the last unit, review the coursel prepare yourself for the
final examination. Check that you have achieveduhi¢ objectives (listed at
the beginning of each unit) and the course objestiflisted in this Course
Guide).

Tutors and Tutorials

There are 12 hours of tutorials provided in suppbthis course. You will be notified
of the dates, times and location of these tutqgrimigether with the name and phone
number of your tutor, as soon as you are allocatedorial group.

Your tutor will mark and comment on your assignmselkeep a close watch on your

progress and on any difficulties you might encoumted provide assistance to you

during the course. You must mail or submit youottmarked assignments to your

tutor well before the due date (at least two wagkalays are required). They will be

marked by your tutor and returned to you as soquoasible.

Do not hesitate to contact your tutor by telepharee-mail if you need help. The

following might be circumstances in which you wodidd help necessary. Contact

your tutor if:

. you do not understand any part of the study umitb®assigned readings,

. you have difficulty with the self-tests or exer@se

. you have a question or problem with an assignmeunit your tutor’s
comments on an assignment or with the grading afssignment.

You should try your best to attend the tutorialshis is the only chance to have face
to face contact with your tutor and to ask questiwhich are answered instantly. You
can raise any problem encountered in the courgewfstudy. To gain the maximum
benefit from course tutorials, prepare a questisinblefore attending them. You will
learn a lot from participating in discussions aelyv

Summary

Principles and Techniques of Compilers introduces to the concepts associated
with programming, programming languages and theptlation process. The content
of the course material was planned and writtennguee that you acquire the proper
knowledge and skills for the appropriate situatioRgal-life situations have been
created to enable you identify with and create somgour own. The essence is to
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help you in acquiring the necessary knowledge amudpetence by equipping you
with the necessary tools to accomplish this.

We hope that by the end of this course you wouldehacquired the required
knowledge to view compilers, programming languagasd programming
environments in a new way.

We wish you success with the course and hope thatwll find it both interesting
and useful.

CIT 445
Principles and Techniques of Compilers

Course Developer Afolorunso, A. A.
National Open University of Nigeria
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Module 1: INTRODUCTION TO COMPILERS
Unit 1: Review of Grammars, Languages and Automata
CONTENTS

1.0 Introduction
2.0 Objectives
3.0 Main Content
3.1 Formal Grammar
3.1.1 The Syntax of Grammars
3.1.2 The Semantic of Grammars
3.2 Types of Grammar and Automata
3.2.1 Type-0: Unrestricted Grammars
3.2.2 Type-1: Context-Sensitive Grammars
3.2.3 Type-2: Context-Free Grammars
3.2.4 Type-3: Regular Grammars
3.2.5 Analytic Grammars
3.3 Chomsky Hierarchy
3.3.1 The Hierarchy
3.4 Formal Languages
3.4.1 Words over an Alphabet
3.4.2 Language-Specification Formalisms
3.4.3 Operations on Languages
3.4.4 Uses of Formal Languages
3.5 Programming Languages
3.5.1 Formal Theories, Systems and Proofs
3.5.2 Interpretations and Models
4.0 Conclusion
5.0 Summary
6.0 Tutor-Marked Assignment
7.0 References/Further Reading

1.0 INTRODUCTION

As you learnt in CIT 342: Formal Languages and Mmdta Theory, in the field of
Computer Science, there are different types of gramon which different
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languages are defined. For each of these gramiten® is a class of automata
that can parse/recognise strings form from the gramThe set of all strings that
can be generated from the grammar constitutesatigubge of the grammar.

In this unit, you will be taken through some of thengs you learnt previously on
formal grammar, formal language and automata.

Now let us go through your study objectives fos thinit.
2.0 OBJECTIVES

At the end of this unit, you should be able to:

o define formal grammar

o define alphabet, words and strings

o state the types of formal grammars we have in takl fof Computer
Science

o describe the class of automata that can recogtrisgs generated by each
grammar

o Iidentify strings that are generated by a particgtammar

o describe the Chomsky hierarchy

o explain the relevance of formal grammar and languag computer
programming

3.0 MAIN CONTENT
3.1 Formal Grammar

A formal grammar (sometimes called grammar) is a set of rules of a specific kind,

for forming strings in a formal language. The rullescribe how to form strings from

the language's alphabet that are valid accordingedanguage's syntax. A grammar
describes only the form of the strings and notrtfeaning or what can be done with
them in any context.

A formal grammar is a set of rules for rewritingirsgs, along with a "start symbol"
from which rewriting must start. Therefore, a graanns usually thought of as a
language generator. However, it can also sometibeesused as the basis for a
“recogniser". Recogniser is a function in computingt determines whether a given
string belongs to the language or is grammaticaligorrect. To describe such
recognisers, formal language theory uses sepapateafisms, known ag&utomata
Theory.

The process of recognising an utterance (a strintptural languages) by breaking it
down to a set of symbols and analysing each onestghe grammar of the language
is referred to adParsing. Most languages have the meanings of their utten

structured according to their syntax — a practioevkn as compositional semantics.
As a result, the first step to describing the megrof an utterance in language is to

14



break it down into parts and look at its analyzedrf (known as itsparse tree in
Computer Science)

A grammar mainly consists of a set of rules fonsfarming trings. (If it consists o
these rules onlyit would be asemi-Thue systejn To generate a string in tl
language, one begins with a string consisting sihglestart symbo. Theproduction
rulesare then applied in any order, until a string t@ttains neither the start symt
nor designatedhonterminal symbol is produced. The language formed by
grammar consists of all distinct strings that cangenerated irthis manner. An
particular sequence of production rules on thet stgmbol yields a distinct string
the language. If there are multiple ways of gemegathe same single string, t
grammar is said to kembiguou.

Example 3.1

Assuming the alphabet consistsa andb, the start symbol i§ and we have th
following production rules:

1.5 — aSh
2.5 — ba

then we start witl5, and can choose a rule to apply to it. If we cleonde 1, we
obtain the strin@Sh If we choose rule 1 again, we repl:S with aSk and obtain the
string aaSbb If we now choose rule 2, we replaS with ba and obtain the strin
aabablh and are done. e can write this series of choices more brieflying:
symbols:S = aSh = aaSbb = aababb. The language of the grammar is then
infinite set 1@ bab™|n = 0} = {ba, abab, aababb, aaababbb, ...} wherea is a

repeated times (and in particular represents the number of times prodoaule 1
has been applied).

3.1.1 TheSyntax of Grammars

In the classic formalization of generative gramnfast proposed b'Noam Chomsky
in the 1950s, a gramm@r consists of the following componer

a finite setN of nonterminal symbolsnone of which appear in strings form
from G.

a finite sex of terminal symbol that is disjoint from\.

a finite setP of production rule, each rule of the form

(ZUN)'N(ZUN)* — (ZUN)*

where” is theKleene ste operator and_J denoteset unio.. That is, each
production rule maps from one string symbols to another, where the fi
string (the "head") contains at least one-terminal symbol. In the case tt
the second string (the "body") consists solely loé empty string — i.e. it
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contains no symbols at all, it may be denoted wiipecial notation (oftef, e
org) in order to avoid confusion.

A distinguished symbcS € N |, that is, tetart symbal

A grammar is formally defined as the tuph, &, P, S). Such a formal grammar is
often called aewriting system or aphrase structure grammar in the literature.

3.1.2 The Semantics of Grammars
The operation of a grammar can be defined in t&xfmslations on strings:

given a gramma6G = (N, £, P, ), the binary relatio—= (pronounced as "G
derives in one step") on strings(E U F‘*’) is defined by:

r =gy iff Ju,v,pge (EUN) :x=upvhy=uquAp —qeP

the relation=a" (pronounced &derives in zero or more stgps defined as
the reflexive transitive closure ~a

a sentential formis a member o2 U N)" that can be derived in a finite
number of steps from the start symi$pthat is, a sentential form is a member
of {w € (EUN)" | S=c"w}. A sentential form that contains no non-
terminal symbols (i.e. is a member®f ) is called asentence

the languageof G, denoted aL(G) , is defined as all those sentene¢gdhn

be derived in a finite number of steps from thetstgmbol S that is, the set
fweX | S=c"w}

Note that the grammaG = (N, X, P, § is effectively the semi-Thue system
(*‘“‘" U2, P), rewriting strings in exactly the same way; theéyadifference is that,
we distinguish specifimon-terminal symbols which must be rewritten in rewrite
rules, and are only interested in rewritings frame tesignated start symb8lto
strings without non-terminal symbols.

Example 3.2

Note that for these examples, formal languages specified using set-builder
notation.

Consider the gramma® where N ={S, B} 2= {a,b, c} Sis the start symbol,
andP consists of the following production rules:

1.5 — aBSc
2.5 — abe

3. Ba — aB
4. Bb — bb

16



This grammar defines the langua wherea" denotes a
string ofn consecutivea's. Thus, th&%@uﬁg@i@tﬂh‘é‘@ét%f]s}trings tbasist of one
or morea's, followed by the same numberb's, and then by the same numbec's.

Some examples of the derivation of stringL(G) are:

S =, abe
S =,aBSc =, aBabece = aaBbce =4 aabbee
S =, aBSe =, aBaBScr =, aBaBabeee =5 aaB Babece =5 aaBaBbece

=3 aaa B Bbcce =4 aaaBbbece =4 aaabbbeee

(Note on notation:F’ =i Qreads "StringP generags stringQ by means of
productioni”, and the generated part is each time indicatdubid type.)

3.2 Types of Grammars and Automat:
In the field of Computer Science, there are fowgib#ypes of grammar:

Type-0 grammarsufirestricted gramme) include all formal grammar

Type-1 grammarscpntex-sensitive grammaygjenerate thcontext-sensitive
languages.

Type-2 grammarscpntex-free grammars) generate th@ntex-free languages.
Type-3 grammarg¢gular gramma) generate theegular languagt.

The difference between these types is that they haereasingly strict productic
rules and can expredewer formal languages. Two important types context-free
grammars (Type 2) andregular grammars(Type 3). The languages that can
described with such a grammar are calcontextfree language and regular
languages respectively. Although much less powerful trunrestricted gramme
(Type 0), which can in fact express any language tlan be accepted byTuring
machine these two restricted types of grammars are mitsh eised becausparsers
for them can be efficiently implemen

Recently, there are had been other types of cdeasdn of grammars such
analytical grammars identifie

3.2.1 Type-0: Unrestricted Grammars

These grammars genezagxactly all languages that can be recognized Turing
machine These languages are also known asRecursively Enumerak Languages
Note that this is different from threcursive languageshich can bedecidedby an
alwayshalting Turing machir.

3.2.2 Type-1: Context-Sensitive Grammar:

17



These grammars have rules of the feaAB — avy 3 witbeing a non-terminal
anda, B andy strings of terminals and non-terminals. The s8ingand3 may be
empty, buty must be non-empty. The ruS — ¢ is allowedSitloes not appear on
the right side of any rule. The languages descriipethese grammars are exactly all
languages that can be recognized by a linear bauadieomaton (a non-deterministic
Turing machine whose tape is bounded by a constaes the length of the input.)

3.2.3 Type2: Context-Free Grammars

A context-free grammais a grammar in which the left-hand side of eaadpction
rule consists of only a single non-terminal symidlis restriction is non-trivial; not
all languages can be generated by context-free geas Those that can are called
context-free languages

The language defined above is not a context-fraguage, and this can be strictly
proven using the pumping lemma for context-freeglages, but for example the

Ianguage{ﬂ-nbﬂhl > 1} (at leastd followed by the same number 0) is context-

free, as it can be defined by the gram@awvith N = {5} = {a, '5},Sthe start
symbol, and the following production rules:

1.5 — aSh
2.5 — ab

A context-free language can be recognized{n®) time by an algorithm such as
Earley's algorithm. That is, for every context-fleaguage, a machine can be built
that takes a string as input and determine©(n’) time whether the string is a

member of the language, wheares the length of the string. Further, some imparta

subsets of the context-free languages can be rezgamhm linear time using other

algorithms.

These are exactly all languages that can be repegnby a non-deterministic
pushdown automaton. Context-free languages aréhdwretical basis for the syntax
of most programming languages.

3.2.4 Type-3: Regular Grammars

In regular grammars, the left hand side is agaly arsingle non-terminal symbol, but
now the right-hand side is also restricted. Thatrglde may be the empty string, or a
single terminal symbol, or a single terminal symiollowed by a non-terminal
symbol, but nothing else. (Sometimes a broademiiefn is used: one can allow
longer strings of terminals or single non-terminalghout anything else, making
languages easier to denote while still definingsme class of languages.)

18



The language defined above is not regular, buﬂahguage{ﬁn b" [m,n > 1} (at
least 1a followed by at least b, where the numbers may be different) is, as itlman
defined by the grammas; with N ={S A, B}, ¥ ={a,b} , Sthe start symbol,
and the following production rules:

1. S —ad
2. A—aAd
3. A—=bE
4. B — bhB
5. B —¢

All languages generated by a regular grammar cared®gnized in linear time by a
finite state machine. Although, in practice, regg@eammars are commonly expressed
using regular expressions, some forms of regulpression used in practice do not
strictly generate the regular languages and do staiw linear recognitional
performance due to those deviations. Regular lagggiare commonly used to define
search patterns and the lexical structure of progrmg languages.

3.2.5 Analytic Grammars

Though there is a tremendous body of literaturgpansing algorithms, most of these
algorithms assume that the language to be parsedialy described by means of a
generativeformal grammay and that the goal is to transform this generagrammar
into a working parser. Strictly speaking, a geneeagrammar does not in any way
correspond to the algorithm used to parse a largguaigd various algorithms have
different restrictions on the form of productionesithat are considered well-formed.

An alternative approach is to formalize the languagterms of an analytic grammar
in the first place, which more directly correspomogthe structure and semantics of a
parser for the language. Examples of analytic gramiformalisms include the
following:

the Language Machine directly implements unregtticanalytic grammars.
Substitution rules are used to transform an inmutptoduce outputs and
behaviour. The system can also produce Ithaliagram which shows what
happens when the rules of an unrestricted anajygéimmar are being applied.

top-down parsing language (TDPL): a highly minirealanalytic grammar
formalism developed in the early 1970s to study kibbaviour of top-down
parsers.

link grammars: a form of analytic grammar desigried linguistics, which

derives syntactic structure by examining the pos#l relationships between
pairs of words.

parsing expression grammars (PEGS): a more reaardrglisation of TDPL

designed around the practical expressiveness rigu®gramming language
and compiler writers.
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Self Assessment Test |

1. In the context of Computer Science, what do youeustdnd by the word
‘grammar’?

2. Enumerate the components that make up the syntgraofmars

3. According to this course, list and describe theegypf grammars

4. Given the grammafs with following production rulesS — a | aS | bS,
determine whether the following strings can be gatiee by the grammar
) babaab (i) aaabbbab (iii) bbaaba

3.3  Chomsky Hierarchy

The Chomsky hierarchy (occasionally referred to aShomsky—Schitzenberger
hierarchy) is a containment hierarchy of classes of formmahgnars.

This hierarchy of grammars was described by Noamn@&ky in 1956. It is also
named after Marcel-Paul Schitzenberger who play@da@al role in the development
of the theory of formal languages.

3.3.1 The Hierarchy

The Chomsky hierarchy consists of the levels ohgnars as presented in Section
3.2.1 through 3.2.4 above

Recursively enumerat

Context-sensitive

Context-free

Figure 3.1: Set inclusions described by the Chomsikgrarchy

Note that the set of grammars corresponding torseeilanguages is not a member
of this hierarchy.
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Every regular language is context-free, every cdrtee language, not containing the
empty string, is context-sensitive and every cansexsitive language is recursive
and every recursive language is recursively enubheraThese are all proper
inclusions, meaning that there exist recursivelyne@rable languages which are not
context-sensitive, context-sensitive languages whie not context-free and context-
free languages which are not regular.

The following table summarizes each of Chomskys tgpes of grammars, the class
of language it generates, the type of automatoh réd@ognizes it, and the form its
rules must have.

Table 3.1 Summary of the languages, automata anddarction rules of Chomsky’s
four types of grammars

Production rules

Grammar Languages Automaton .
(constraints)
Recursively . . a — B(no
Type- Turing machin -
ype-0 enumerable uring machine restrictions)

Linear-bounded
Type-1 Context-sensitive | non-deterministic | a A3 — a3
Turing machine

Non-deterministic

Type-2 Context-free pushdown A—n
automaton
A d—> a
Finite state an
Type-3 Regular automaton 1 uB

However, there are further categories of formablages that you can read more
about in the further reading.

3.4 Formal Language

A formal languageis a set ofwords i.e. finite strings ofetters symbols or tokens
The set from which these letters are taken is @allee alphabetover which the
language is defined. A formal language is oftenindef by means of a formal
grammar (also called its formation rules); accagtlinwords that belong to a formal
language are sometimes callsdll-formed wordgor well-formed formulas). Formal
languages are studied in computer science and isiicg) the field of formal
language theorystudies the purely syntactical aspects of sucpuages (that is, their
internal structural patterns).

3.4.1 Words over an Alphabet
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An alphabet, in the context of formal languages can be any aéiough it often
makes sense to use an alphabet in the usual sttise word, or more generally a
character set such as ASCII. Alphabets can alsmfoete; e.g. first-order logic is
often expressed using an alphabet which, besidetoag such as\, -, v and
parentheses, contains infinitely many elemexts<, x,, ... that play the role of
variables. The elements of an alphabet are cabdetters.

A word over an alphabet can be any finite sequenceriagsbf letters. The set of all
words over an alphabét is usually denoted by~ (using the Kleene star). For any
alphabet there is only one word of length 0,ehegty worgdwhich is often denoted by
e, ¢ or L. By concatenation one can combine two words tanfarnew word, whose
length is the sum of the lengths of the originakd®o The result of concatenating a
word with the empty word is the original word.

In some applications, especially in logic, the alpét is also known as thecabulary
and words are known dermulasor sentencesthis breaks the letter/word metaphor
and replaces it by a word/sentence metaphor.

Therefore, dormal languageL over an alphabét is just a subset & , that is, a set
of words over that alphabet.

In computer science and mathematics, which do rsaally deal with natural
languages, the adjective "formal" is often omitsdedundant.

While formal language theory usually concerns fitgath formal languages that are
described by some syntactical rules, the actuaihitieh of the concept "formal
language" is only as above: a (possibly infinite) af finite-length strings, no more
nor less. In practice, there are many languagdscdrabe described by rules, such as
regular languages or context-free languages. Themof a formal grammar may be
closer to the intuitive concept of a "language,é alescribed by syntactic rules. By an
abuse of the definition, a particular formal langeas often thought of as being
equipped with a formal grammar that describes it.

Examples 3.3

The following rules describe a formal langudgever the alphabei = {0, 1, 2, 3, 4,
51 61 71 81 9’ +l #

Every nonempty string that does not contaior = and does not start withis
in L.

The string0is inL.

A string containing= is in L if and only if there is exactly one, and it
separates two valid stringslin

A string containing+ but not= is in L if and only if every+ in the string
separates two valid stringslin

No string is inL other than those implied by the previous rules.
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Under these rules, the string3+4=555'"is in L, but the string=234=+" is not. This
formal language expresses natural numbers, weltddr addition statements, and
well-formed addition equalities, but it expressadyowhat they look like (their
syntax), not what they mean (semantics). For itganowhere in these rules is there
any indication thad means the number zero, or thatneans addition.

For finite languages one can simply enumerate all-fermed words. For example,
we can describe a languages just. = {"a", "b", "ab", "cba"}.

However, even over a finite (non-empty) alphabethsas X = {a, b} there are
infinitely many words: "a", "abb", "ababba", "aadbabaab", .... Therefore formal
languages are typically infinite, and describingiaimite formal language is not as
simple as writingL = {"a", "b", "ab", "cba"}. Here are some example$ formal
languages:

L =%, the set ofll words over;

L = {a}" = {a"}, wheren ranges over the natural numbers afidneans "a"
repeated times (this is the set of words consisting onlyhef symbol "a");

the set of syntactically correct programs in a gipeogramming language (the
syntax of which is usually defined by a contexefggammar);

the set of inputs upon which a certain Turing maehalts; or

the set of maximal strings of alphanumeric ASClaretters on this line, (i.e.,

the set {"the", "set", "of", "maximal”, "strings",alphanumeric”, "ASCII",

“characters", "on", "this", "line", "i", "e"}).
3.4.2 Language-Specification Formalisms

Formal language theory rarely concerns itself watrticular languages (except as
examples), but is mainly concerned with the stuflyasious types of formalisms to
describe languages. For instance, a language cgivdie as

those strings generated by some formal grammar;

those strings described or matched by a particatpular expression;

those strings accepted by some automaton, suchlrasragy machine or finite
state automaton;

those strings for which some decision procedure dlgorithm that asks a
sequence of related YES/NO questions) produceartbeer YES.

Typical questions asked about such formalisms delu

What is their expressive power? (Can formalisiescribe every language that
formalismY can describe? Can it describe other languages?)

What is their recognisability? (How difficult is tb decide whether a given
word belongs to a language described by formaK8n

What is their comparability? (How difficult is itotdecide whether two
languages, one described in formaliXmand one in formalisny, or in X again,
are actually the same language?).
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Surprisingly often, the answer to these decisimbl@ms is "it cannot be done at all",
or "it is extremely expensive" (with a precise @uerization of how expensive
exactly). Therefore, formal language theory is ajomaapplication area of

computability theory and complexity theory. Fornehiguages may be classified in
the Chomsky hierarchy based on the expressive pofréeir generative grammar as
well as the complexity of their recognizing autoormat Context-free grammars and
regular grammars provide a good compromise betwegmessivity and ease of
parsing, and are widely used in practical applocegi

3.4.3 Operations on Languages

Certain operations on languages are common. Thitudas the standard set
operations, such as union, intersection, and camgri¢. Another class of operation is
the element-wise application of string operations.

Example 3.4
Supposd_; andL, are languages over some common alphabet.

- Theconcatenatiori,L, consists of all strings of the formwv wherev is a string
from L, andw is a string fromni,.

- TheintersectionL; N L, of L; andL, consists of all strings which are contained
in both languages

- ThecomplementL of a language with respect to a given alphabesistsof
all strings over the alphabet that are not in @mgliage.

- The Kleene star: the language consisting of alldsdhat are concatenations of
0 or more words in the original language;

- Reversal
o Letebe the empty word, thest = e, and
o for each non-empty wordw=x;...X, over some alphabet, let

WR = XX,

o then for a formal languade L® = {w" |w € L}.

String homomorphism.

Such string operations are used to investigateustogproperties of classes of
languages. A class of languages is closed undearticydar operation when the
operation, applied to languages in the class, avwagduces a language in the same
class again. For instance, the context-free langgiage known to be closed under
union, concatenation, and intersection with regldamguages, but not closed under
intersection or complement.

3.4.4 Uses of Formal Languages
Formal languages are often used as the basis dberriconstructs endowed with

semantics. In computer science they are used, arathrey things, for the precise
definition of data formats and the syntax of progmaing languages.

24



Formal languages play a crucial role in the develept of compilers, typically
produced by means of a compiler compiler, which tma single program or may be
separated in tools like lexical analyzer generaferg.lex ), and parser generators
(e.g. yacc ). Since formal languages alone do not have sensantither formal
constructs are needed for the formal specificadfoprogram semantics.

Formal languages are also used in logic and in dations of mathematics to

represent the syntax of formal theories. Logicadtesms can be seen as a formal
language with additional constructs, like proofcaédl which define a consequence
relation "Tarski's definition of truth” in terms af T-schema for first-order logic is an

example offully interpretedformal language; all its sentences have meanings t

make them either true or false.

Self Assessment Exercise I

1. Define formal languages

2. What is the relationship between grammar anguage
3.5 Programming Languages

A compiler usually has two distinct components/uahie analysis part that breaks up
the source program into constant piece and creat@germediate representation of the
source program and the synthesis part that constiiue desired target program from the
intermediate representation.

A lexical analyzer, generated by a tool likeex, identifies the tokens of the
programming language grammar, e.g. identifiers eywords, which are themselves
expressed in a simpler formal language, usuallynlegns of regular expressions. At
the most basic conceptual level, a parser, gentlate parser generator ligacc,
attempts to decide if the source program is valitht is if it belongs to the
programming language for which the compiler wadtb@f course, compilers do
more than just parse the source code; they tranglatto some executable format;
because of this, a parser usually outputs more #hges/no answer. Typically an
abstract syntax tree, which is used in subsequages of the compiler to eventually
generate an executable containing machine codeuhatdirectly on the hardware, or
some intermediate code that requires a virtual iImado execute.

3.5.1 Formal Theories, Systems and Proofs
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Symbols and
strings of symbols

Well-formed
formulas

Theorems

Figure 3.2: Syntactic Divisions within a Formal Stem

Figure 3.2 shows the syntactic divisions withiroanfal system. Symbols and strings
of symbols may be broadly divided inbmnsensandwell-formedformulas. The set
of well-formed formulas is divided into theoremsdamon-theorems. However, quite
often, a formal system will simply define all o$ ivell-formed formula as theorems.

In mathematical logic, a formal theory is a setsehtences expressed in a formal
language.

A formal system(also called dogical calculus or alogical system consists of a
formal language together with a deductive appar@tls® called a deductive system).
The deductive apparatus may consist of a set oEfibanation rules which may be
interpreted as valid rules of inference or a setxbms, or have both. A formal
system is used to derive one expression from omeooe other expressions. Although
a formal language can be identified with its foragyla formal system cannot be
likewise identified by its theorems. Two formal ®ms FS andFS’ may have all
the same theorems and yet differ in some signifipamof-theoretic way (a formula A
may be a syntactic consequence of a formula B énbart not another for instance).

A formal proof or derivation is a finite sequendenell-formed formulas (which may
be interpreted as propositions) each of which isaaiom or follows from the
preceding formulas in the sequence by a rule adrerfce. The last sentence in the
sequence is a theorem of a formal system. Fornwifprare useful because their
theorems can be interpreted as true propositions.

3.5.2 Interpretations and Models
Formal languages are entirely syntactic in natutenfiay be given semantics that give
meaning to the elements of the language. For instan mathematical logic, the set

of possible formulas of a particular logic is anf@al language, and an interpretation
assigns a meaning to each of the formulas - usuatiyth value.
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The study of interpretations of formal languagesc@led formal semantics. In
mathematical logic, this is often done in termsrafdel theory. In model theory, the
terms that occur in a formula are interpreted ashemaatical structures, and fixed
compositional interpretation rules determine hoe tiluth value of the formula can be
derived from the interpretation of its termsmadelfor a formula is an interpretation
of terms such that the formula becomes true.

4.0 CONCLUSION

In this unit you have been taken through a brigfsien of formal grammars, formal
languages and automata because of crucial rolgs gl in the development of
compilers. You should read more on these variopiesdoefore proceeding to the next
unit. In the subsequent units, you will be learnialgout compiler construction.
Precisely, unit 2 of this module will introduce ytmthe concept of compilers.

5.0 SUMMARY

In this unit, you learnt that formal grammar is a set of rules of a specific kind, for
forming strings in a formal language. It has foamponents that form its syntax and a
set of operations that can be performed on it, wfacm its semantic.

Each type of grammars is recognised by a partidylae of automata. For example,
type-2 grammars are recognised by pushdown autowlata type-3 grammars are
recognised by finite state automata.

Parsing is the process of recognising an utterdxycbreaking it down to a set of
symbols and analysing each one against the gramintilae language.

According to Chomsky hierarchy, there are four s/pé grammars. The difference
between these types is that they have increasisigigt production rules and can
express fewer formal languages.

A formal languageis a set ofwords i.e. finite strings ofetters symbolsor tokens
The set from which these letters are taken is @allee alphabetover which the
language is defined. A formal language is oftenindef by means of a formal
grammar.

Formal languages play a crucial role in the devalept of compilers and precise
definition of the syntax of programming languag@sformal systemconsists of a
formal language together with a deductive apparatus

6.0 TUTOR-MARKED ASSIGNMENT
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1. Name the class of automata that are used ingnésing the following
grammars

I.  Regular grammars

ii.  Context-sensitive grammars
iii.  Type-O0 grammars
iv. Context-free grammars

2. What are the use(s) of formal languages?

3. What does it mean to say a class of languagelwsed under a particular
operation? Hence or otherwise suppbs@ndL, are languages over some
common alphabet, state (with appropriate examplesktandard operations
that can be performed on the languages.

4. From what you have learnt so far in this coujsstify the relevance of
formal languages to computer programming?

5. Briefly discuss the Chomsky hierarchy. Whathie telationship among the
various types of grammars described in the Chorhgarchy?

REFERENCES/FURTHER READING

Arnon Avron (1994).What is a logical system@Chapter 8.In Dov M. Gabbay
(ed.),What is a logical system®xford University Press.

Chomsky, Noam (1956). "Three models for the desonpof language"IRE
Transactions on Information Theory(2): 113-124. Retrieved from
http://www.chomsky.info/articles/195609--.pdf.

Chomsky, Noam (1959). "On certain formal properaégrammars”Information
and Control2 (2): 137-167.

Chomsky, N. and Schutzenberger, M. P. (1963). "dlgebraic theory of context
free languages'in Braffort, P.; Hirschberg, D Computer Programming and
Formal LanguagesAmsterdam: North Holland. pp. 118-161.

Davis, M. E., Sigal, R. and Weyuker, E. J. (19%9mputability, complexity, and
languages: Fundamentals of theoretical computeersz@ Boston: Academic
Press, Harcourt, Brace. pp. 327.

Hamilton, G. (1978).Logic for Mathematicians Cambridge University Press,
ISBN 0 521 21838 1.

Godel, Escher, Bach: An Eternal Golden Braid, Dasdgliofstadter

28



Grzegorz Rozenberg and Arto Salomaa (19Bf@Andbook of Formal Languages:
Volume I-llI, Springer. ISBN 3 540 61486 9.

Hopcroft, J. E. and Ullman, J. D. (197%troduction to Automata Theory,
Languages, and Computation Addison-Wesley Publishing, Reading
Massachusetts.

Harrison, M. A. (1978).Introduction to Formal Language TheorAddison-
Wesley.

Suppes P. (1957ntroduction to Logi¢cD. Van Nostrand.

Ginsburg, S. (1975)Algebraic and automata theoretic properties of fatm
languagesNorth-Holland.

29



Module 1: INTRODUCTION TO COMPILERS
Unit 2: What is a Compiler?
CONTENTS

1.0 Introduction

2.0 Objectives

3.0 Main Content
3.1 Translators
3.2 Why do we need Translators?
3.3 Whatis a Compiler?
3.4 The Challenges in Compiler Development
3.5 Compiler Architecture

4.0 Conclusion

5.0 Summary

6.0 Tutor-Marked Assignment

7.0 References/Further Reading

1.0 INTRODUCTION

In the previous unit you were taken through som&dbeoncepts you learnt in an
earlier course. This was done because of theivaalee/importance to your
understanding of this course.

In this unit you will be introduced to the concept compilers and their
importance to program development.

Now let us go through your study objectives fos thnit.
2.0 OBJECTIVES

At the end of this unit, you should be able to:

o define compiler and its importance in the programgworld
distinguish between a translator, compiler andhéerpreter
discuss the major challenges to be faced in buyldompilers
state the qualities of compilers
mention some of the knowledge required for buildioghpilers
describe the architecture of a compiler

O OO0 OO

3.0 MAIN CONTENT
3.1 Translators

A translator is a program that takes as input @nam written in one programming
language ( the source language) and produces pst@program in another language
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(the object or target language). If the sourceglage is a high-level language such as
COBOL, PASCAL, etc. and the object language isvelevel language such as an
assembly language or machine language, then sinahsator is called @ompiler.

Executing a program written in a high-level prognaimg language is basically a two-
step process, as illustrated in Figure 3.1. Thecgoprogram must first be compiled,
that is, translated into object program. Then #sellting object program is loaded into
memory and executed.

Source Programa—» Compiler —> Object Program

Object Program Object Object
—> —>
Input Program Program

Figure 3.1: Compilation and execution

Certain other translators transform a programmiaggliage into a simplified
language, called intermediate code, which can bectlly executed using a program
called an interpreter. You can think of the intedmée code as the machine language
of an abstract computer designed to execute thesaode.

There are other important types of translators,idesscompilers. If the source

language is assembly language and the target lgagaanachine language, then the
translator is called anssembler The termpreprocessoris used for translators that

take programs in one high-level language into emjaivt programs in another high

level language. For example, there many FORTRANpnoeessors that map

‘structured’ versions of FORTRAN into conventiof@RTRAN.

3.2 Why Do We Need Translators?

We need translators to overcome the rigour of @nmgning in machine language,
which involves communicating directly with a comguin terms of bits, register, and
primitive machine operations. As you have learrganlier courses in this programme,
a machine language program is a sequence of 0’d’andherefore, programming a
complex algorithm in such a language is terribbjicdas and prone to mistakes.

Translators free the programmer from the hasslegprofjramming in machine
language.

3.3  Whatis a Compiler?

31



A compileris a program that translates a source prograntenrin some high-level
programming language (such as Java) into machirde dor some computer
architecture (such as the Intel Pentium architegturhe generated machine code can
later be executed many times against different éata time.

An interpreter reads an executable source program written in gh-level
programming language as well as data for this pmogrand it runs the program
against the data to produce some results. One deamghe Unix shell interpreter,
which runs operating system commands interactively.

You should note that both interpreters and compiléike any other program) are
written in some high-level programming language iphmay be different from the
language they accept) and they are translatednaithine code. For example, a Java
interpreter can be completely written in Pascalewen Java. The interpreter source
program is machine independent since it does noérgége machine code. (Note the
difference betweergenerateand translated intomachine code.) An interpreter is
generally slower than a compiler because it pr&seasd interprets each statement in
a program as many times as the number of the ew@igaof this statement. For
example, when a for-loop is interpreted, the stat@minside the for-loop body will
be analysed and evaluated on every loop step. $orgaages, such as Java and Lisp,
come with both an interpreter and a compiler. Jtace programs (Java classes with
Jjava extension) are translated by tjawac compiler into byte-code files (with
.class extension). The Java interpretgaya , called the Java Virtual Machine
(JVM), may actually interpret byte codes directlymoay internally compile them to
machine code and then execute that code.

Like was mention in section 3.1, compilers andrimteters are not the only examples
of translators. In the table below are a few more:

Table 3.1 Table of Translators, Source Language antlarget Language

Source Language Translator Target Language

LaTeX Text Formater PostScript

SQL database query optimizer Query Evaluation Plan
Java javac compiler Java byte code

Java cross-compiler C++ code

English text Natural Language Understandisgmantics (meaning)
Regular ExpressiongLex scanner generator a scanner in Java
BNF of alanguage  CUP parser generator a parskavia

This course deals mainly with compilers for higlideprogramming languages, but
the same techniques apply to interpreters or tacoimgr compilation scheme.
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Self Assessment Exercise

3.4

1. What is a translator?
2. What is the importance of translators in prograngfin
3. Distinguish among a translator, compiler and aerpreter.

The Challenge in Compiler Development

There are various challenges involved in developingipilers; some of this are
itemised below.

1) Many variations:

many programming languages (e.g. FORTRAN, C++,)Java
many programming paradigms (e.g. object-orienteagtional, logic)
many computer architectures (e.g. MIPS, SPARC],latpha)

many operating systems (e.g. Linux, Solaris, Winsow

2) Qualities of a compiler: these concerns the qualities that are compilert mus
possess in other to be effective and useful. Tlaeselisted below in order of
importance.

I. the compiler itself must be bug-free
ii. it must generate correct machine code
lii. the generated machine code must run fast
iv. the compiler itself must run fast (compilation tirmeist be proportional
to program size)
v. the compiler must be portable (i.e. modular, suppgr separate
compilation)
vi. it must print good diagnostics and error messages
vii. the generated code must work well with existingudglers
viii. must have consistent and predictable optimization.

3) In-depth knowledge:

Building a compiler requires in-depth knowledge of:

programming languages (parameter passing, variageping, memory
allocation, etc.)

theory (automata, context-free languages, etc.)

algorithms and data structures (hash tables, gralglorithms, dynamic
programming, etc.)

computer architecture (assembly programming)

software engineering.

You should try building a non-trivial compiler farPascal-like language as the course
project. This will give you a hands-on experienge gystem implementation that
combines all this knowledge.
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3.5 Compiler Architecture

As earlier mentioned, eompiler can be viewed as a program that accepgtsuece
code (such as a Java program) and generates machd®e for some comput
architecture. Suppose that you want to build coanpiforn programming language
(e.g. FARTRAN, C, C++, Java, BASIC, ¢.) and you want these compilers to run
m different architecturese(g MIPS, SPARC, Intel, alpha, etclj you do that naively
you need to writ@é*m compilers, one for each langui-architecture combinatiol

The holly grail of portability in compilers is tcodhe same thing by writinn + m

programs only. Yowan do this by usina universalntermediate Representati (IR)

and you make the compiler a t-phase compiler. An IR is typically a t-like data
structure that captures the basic features of masipeiter architectures. One exam
of an IR tree node is a representation o-address instruction, suchd —s; + s,

that gets two source addresss, ands,, (i.e. two IR trees) and produces ¢
destination addresd, The first phase of this compilation scheme, chllefront-end

maps the source code into IR, and the second pbtalssd] thebackend maps IR into
machine code. That way, for each programming laggugau want to compile, yc
write one frontend only, and for each computer architecture, yatewone bac-end.
So, totally you havea + m components

But the above ideal separation of compilation imto phases does not work very w
for real programming languages and architec. Ideally, you must encode :
knowledge about the source programming languageeiriront end, you must hanc
all machine architecture features in the back emd, you must design your IRs
such a way that all language and machine featueesagptued properly

A typical realworld compiler usually has multiple pha (this will be treated t
greater details in unit 3 of this mod. This increases the compiler's portability
simplifies retargeting. The front end consistsh#f tollowing phase

1. scanninga scanner groups input characters into tok

2. parsing a parser recognizes sequences of tokens accaalisgme gramme
and generate&bstract Syntax Tre (ASTS);

3. semantic analysigperformstype checkingi.e. checking whether the variable
functions etcin the source program are used consistently weir ghefinitions
and with the language semantics) and translatesA80 IRs;

4. optimization optimizes IRs

The back end consists of the following pha:
1. instruction selectionmaps IRs into assembly coc
2. code optimizationoptimizes the assembly code using co-flow and data-
flow analyses, register allocation, €
3. code emissiamgenerates machine code from assembly ¢
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The generated machine code is written in an oldject This file is not executable
since it may refer to external symbols (such asesyscalls). The operating system
provides the following utilities to execute the eod

1.

linking: A linker takes several object files and libraraesinput and produces
one executable object file. It retrieves from tiput files (and puts them
together in the executable object file) the code alif the referenced
functions/procedures and it resolves all extereé¢rences to real addresses.
The libraries include the operating system libigrighe language-specific
libraries, and, maybe, user-created libraries.

loading A loader loads an executable object file into mgminitializes the
registers, heap, data, etc. and starts the exacoiftihhe program.

Relocatable shared libraries allow effective memase when many different
applications share the same code.

8.0

CONCLUSION

In this unit you have been taken through the didinj functions, and architecture of a
compiler in the next unit you will be learning mabout the structure of a compiler
and the various phases involved in compilatiorcess

9.0

SUMMARY

In this unit, you learnt that:

10.0

A translator is a program that takes as input gnamm written in one
programming language ( the source language) ardlipes as output a
program in another language (the object or taagaiuage).

A compileris a program that translates a source prograntenwrih some high-
level programming language (such as Java) into maaode for some
computer architecture (such as the Intel Pentiwhitacture).

An interpreterreads an executable source program written iglalevel
programming language as well as data for this rogand it runs the program
against the data to produce some results.

Translators are needed to free the programmer thherhassles of
programming in machine language and its attendantuigpmns.

There are several challenges to be surmountedvel@®ng a compiler.

TUTOR-MARKED ASSIGNMENT

1. What are the challenges involved in developing aterg?

2. Enumerate the essential qualities of a compiler

3. Distinguish between the function of loader anch&dr

4. Outline some specific knowledge require for buigdancompiler.
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INTRODUCTION

roles in programming.

In this unit you will learn about the structureaotompiler and the various phases

involved in the compilation process.

Now let us go through your study objectives fos thnit.

2.0

OBJECTIVES

At the end of this unit, you should be able to:

list the various components of a compiler

describe the activities that take place at eachetompilation phases

describe cross compilation
describe hand implementation
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3.0 MAIN CONTENT
3.1  The Structure of a Compiler

We can identify four components
* Frontend
» Back-end
» Tables of information
* Runtime library

i) Front-End: the front-end is responsible for the analysis of #teicture and
meaning of the source text. This end is usuallyathaysis part of the compiler. Here
we have the syntactic analyzer, semantic analyret,lexical analyzer. This part has
been automated.

i) Back-End: The back-end is responsible for generating theetdapguage. Here
we have intermediate code optimizer, code genematdrcode optimizer. This part
has been automated.

i) Tables of Information: It includes the symbol-table and there are someroth
tables that provide information during compilatjgnocess.

Iv) Run-Time Library: Itis used for run-time system support.

Languages for Writing Compiler
I Machine language
. Assembly language
iii. High level language or high level language with tistrapping facilities for
flexibility and transporting.

3.2 Phases of a Compiler

A compiler takes as input a source program andymesl as output an equivalent
sequence of machine instructions. This process ®mplex that it is not reasonable,
either from a logical point of view or from an ingphentation point of view, to
consider the compilation process as occurring i single step. For this reason, it is
customary to partition the compilation process iatgeries of sub-processes called
phases as shown in the figure 1 below. A phasedagieally cohesive operation that
takes as input one representation of the sourcgrgmm and produces as output
another representation.

3.2.1 The Lexical Analyzer:this is the first phase and it is also referrecsothe
Scanner It separates characters of the source languagegmoups that logically
belong together; these groups are caltdens The usual tokens are keywords, such
as DO or IF, identifiers such as X or NUM, operaggmbol such as <= or +, and
punctuation symbol such as parentheses or comrhasodtput of the lexical analyzer
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Is a stream of tokens, which is passed to the plex$e, theyntax analyzeor parser.
The tokens in this stream can be represented bgscadhich we may regard as
integers. Thus DO might be represented by 1, + and “identifier” by 3. In the case
of a token like “identifier”, a second quantity|liteg which of those identifiers used
by the program is represented by this instanceokért “identifier” is passed along
with the integer code for “identifier”. For Exaneplin the FORTRAN statement:

IF (5 .EQ. MAX) GO TO 100

we find the following eight tokens: IF; (; 5; .EQ4AX; ); GOTO; 100.

Source Program

l

Lexical Analysis

A 4
Syntax Analysis

A 4
Table Intermediate Code Error Handling
Management Generation

A 4
Code Optimization

Y
Code Generation

Targlet Program

Figure 1. Phases of a Compiler

3.2.2 The Syntax Analyzer:this groups tokens together into syntactic stmestu
For example, the three tokens representing A+B tribighgrouped into a syntactic
structure called arexpression Expressions might further be combined to form
statements. Often the syntactic structure can ¢@rded as a tree whose leaves are the
tokens. The interior nodes of the tree represeimgst of tokens that logically belong
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together. The parser has two functions. It chelslisthe tokens appearing in its input,
which is the output of the lexical analyzer, octupatterns that are permitted by the
specification for the source language. It also isg®oon the tokens a tree-like
structure that is used by the subsequent phagskes abmpiler.

3.2.3 The Intermediate Code Generatorthis uses the structure produced by the
syntax analyzer to create a stream of simple iosBtmus. Many styles of intermediate
code are possible. One common style uses instnsctiath one operator and a small
number of operands. These instructions with oneatpe and a small number of
operands. These instructions can be viewed as simptros like the macro ADD?2.
the primary difference between intermediate codd assembly code is that the
intermediate code need not specify the registebe tosed for each operation.

3.2.4 Code Optimization: this is an optional phase designed to improve the
intermediate code so that the ultimate object @ogruns faster and/or takes less
space. Its output is another intermediate coderpmghat does the same job as the
original, but perhaps in a way that saves time@rsjjace.

3.2.5 Code Generationthis is the final phase and it produces the objecte by
deciding on the memory locations for data, selgctiade to access each datum, and
selecting the registers in which each computat®moi be done. Designing a code
generator that produces truly efficient object pamgs is one of the most difficult
parts of a compiler design, both practically anebtietically.

3.2.6 The Table Management or Bookkeepinghis portion of the compiler keeps
track of the names used by the program and re@ssisntial information about each,
such as its type (integer, real, etc.). The datacire used to record this information
is called asymbol table

3.2.7 The Error Handler: this is invoked when a flaw in the source program
detected. It must warn the programmer by issuingiagnostic, and adjust the
information being passed from phase to phase doetzh phase can proceed. It is
desirable that compilation be completed on flawedgmms, at least through the
syntax-analysis phase, so that as many errors ssibi® can be detected in one
compilation. Both the table management and erradlvag routines interact with all
phases of the compiler

Self Assessment Exercise
1) List the various phases of the compilation process
2) Why is error handler important in a compiler?

3) Which is the first phase of the compiler

3.2 Passes
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In an implementation of a compiler, portions of @menore phases are combined into
a module called a pass. A pass reads the sourgeapnar the output of the previous
pass, makes the transformations specified by itsgd and writes output into an
intermediate file, which may then be read by a sgbent pass. If several phases are
grouped into one pass, then the operation of theses may be interleaved, with
control alternating among several phases.

The number of passes, and the grouping of phasepasses, are usually dictated by
a variety of considerations germane to a particlalaguage and machine, rather than
by any mathematical optimality criteria.

The structure of the source language has strorgrtetin the number of passes.
Certain languages require at least two passesrergie code easily. For example,
languages such as PL/I or ALGOL 68 allow the dedlan of a name to occur after

uses of that name. Code for expression contairiic & name cannot be generated
conveniently until the declaration has been seen.

3.3 Reducing the Number of Passes

Since each phase is a transformation on a streatatafrepresenting an intermediate
form of the source program, you may wonder how isdvghases can be combined
into one pass without the reading and writing ¢éimediate files. In some cases one
pass produces its output with little or no mematyor inputs. Lexical analysis is
typical. In this situation, a small buffer servestlae interface between passes. In other
cases, you may merge phases into one pass by mamdechnique known as
‘backpatching’. In general terms, if the output @fphase cannot be determined
without looking at the remainder of the phase’suipnphe phase can generate output
with ‘slots’ which can be filled in later, after meof the input is read.

3.4 CROSS COMPILATION
Consider porting a compiler for C written in C fran existing machine A to an
existing machine B

Steps To Cross Compilation

1. Write new back-end in C to generate code for commpat

2. Compile the new back-end and using the existingo@ailer running on
computer A generating code for computer B.

3. We now have a compiler running on computer A andegating code for
computer B.

4. Use this new compiler to generate a complete canpdr computer B. In

other words, we can compile the new compiler on maer A to generate

code for computer B

We now have a complete compiler for computer B wilitrun on computer B.

Copy this new compiler across and run it on compuige(this is cross

Compilation).

S

3.5 Operations of a Compiler
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As you have seen in section 3.1 of this unit, therations of a compiler includes:

- The lexical analysis ( or scanninq,)

- The syntax analysis Front-end
- Semantic analysis )
- Intermediate code optimization
- Code generation > Back-end
- Code optimization

J

In this course, we will concern ourselves with moghe front-end i.e. those parts of
compilation that can be automated which are lexisghtax and probably semantic
analyses.

3.6 T-Diagrams

They are used to describe the nature of a commilatit is usually in the form of T
and is diagrammatically represented as below:

Compiler

Source Language Target Langujage

Language
Implementation

40 CONCLUSION

In this unit you have been taken through the stmgctphases and functions of each
phase of a compiler. In the next unit you will learining more about the compilation
process; such as cross compilation and hand impleten.

5.0 SUMMARY

In this unit, you learnt that:

* The compilation process can be partitioned interges of sub-processes called
phases.
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» several phases can be grouped into one pass,tdbdh@peration of the phases
may be interleaved, with control alternating ameageral phases

* The number of passes, and the grouping of phasepasses, are usually
dictated by a variety of considerations germanre particular language and
machine.

» the operations of a compiler can be classified twim front-end comprising
the lexical analysis ( or scanning), the syntaXyais, and semantic analysis;
and the back-end comprising of intermediate codienigation, code
generation, and code optimization

6.0 TUTOR-MARKED ASSIGNMENT

1. Describe what happens at each phase of the compijatocess

2. Distinguish between the intermediate code genegatdrthe code generator
phase of the compiler

3. Which of the phases of the compiler is optional?

4. In your own opinion would error handler be paraofinterpreter?

5. Enumerate the steps in cross compilation

7.0 REFERENCES/FURTHER READING
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1.0 INTRODUCTION

As you learnt in unit 3 of the previous module, thection of the lexical analyser
is to read the source program, one character ah@ tand translate it into a
sequence of primitive units called tokens. Keywopidgntifiers, constants, and
operators are examples of tokens.

This module, starting from this unit, exposes youhte problem of designing and
implementing lexical analysers.

Now let us go through your study objectives fos thinit.
2.0 OBJECTIVES

At the end of this unit, you should be able to:
» state the role of a compiler
» state the need of a compiler
» define the scanner
» state the functions of the scanner

3.0 MAIN CONTENT
3.1 The Role of the Lexical Analyser
The lexical analyser could be a separate pasanglés output on an intermediate file

from which the parser would then take its inputt,Buore commonly, the lexical
analyser and the parser are together in the sas® fie lexical analyser acts as a
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subroutine or co-routine, which is called by thespa whenever it needs a new token.
This organisation eliminates the need for the metiate file. In this arrangement, the
lexical analyser returns to the parser a representéor the token it has found. The
representation is usually an integer code if tlkenas a simple constructs such as left
parenthesis, comma, or colon; it is a pair comggstif an integer code and a pointer to
a table if the token is a more complex element aagln identifier or constant. The
integer code gives the token type, the pointertgdimthe value of that token.

3.2 The Need for Lexical Analyser

The purpose of splitting analysis of the sourcegmm into two phases, lexical

analysis and syntactic analysis, is to simplify tiverall design of the compiler. This

is because it is easier to specify the structura twken than the syntactic structure of
the source program. Therefore, a more specialisedn@ore efficient recogniser can

be constructed for tokens than for syntactic stmas.

By including certain constructs in the lexical mthhan the syntactic structure, we
can greatly simplify the design of the syntax asaty

Lexical analyser also performs other functions sagtkeeping track of line numbers,
producing an output listing if necessary, strippmg white space (such as redundant
blanks and tabs), and deleting comments.

Self Assessment Test

1) Enumerate the functions performed by the lexicalyser
2) What is the advantage of implementing the lexicadlgser and the parser in
the same pass?

3.3 The Scanner
A scannergroups input characters into tokens. For exanipikee input is:
X = x*(b+1);

then the scanner generates the following sequdno&ens
id(x)

ii(x)

(

id(b)

+
num(1)

)
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whereid(x) indicates the identifier with name (a program variable in this case)
andnum(1) indicates the integet. Each time the parser needs a token, it sends a
request to the scanner. Then, the scanner readsaag characters from the input
stream as it is necessary to construct a singlentokhe scanner may report an error
during scanning (e.g. when it finds an end-offilehe middle of a string). Otherwise,
when a single token is formed, the scanner is swgzkand returns the token to the
parser. The parser will repeatedly call the scatmeead all the tokens from the input
stream or until an error is detected (such as tagyarror).

Tokens are typically represented by numbers. Famgie, the tokerf may be
assigned number 35. Some tokens require some iektranation. For example, an
identifier is a token (so it is represented by sammber) but it is also associated with
a string that holds the identifier name. For exanphe tokerid(x) is associated
with the string,’x" . Similarly, the tokemum(1) is associated with the number, 1.

Tokens are specified by patterns, callegular expressiong-or example, the regular
expression[a-z][a-zA-Z0-9]* recognizes all identifiers with at least one
alphanumeric letter whose first letter is lowerecatphabetic.

A typical scanner:

1. recognizes thé&eywordsof the language (these are the reserved words that
have a special meaning in the language, such agditclass in Java);

2. recognizes special characters, suck asd) , or groups of special characters,
such as= and==;

3. recognizes identifiers, integers, reals, decinsdtigs, etc;

4. ignores whitespaces (tabs and blanks) and comments;

recognizes and processes special directives (sutte&include “file"

directive in C) and macros.

o

A key issue is speed. One can always write a napaaner that groups the input
characters into lexical words (a lexical word caneliither a sequence of alphanumeric
characters without whitespaces or special chagcterjust one special character),
and then tries to associate a token (i.e. numlesnyvérd, identifier, etc.) to this lexical
word by performing a number of string comparisohisis becomes very expensive
when there are many keywords and/or many speociaddkepatterns in the language.
In this unit you will learn how to build efficierdcanners using regular expressions
and finite automata. There are automated tooledadlanner generatorsuch aglex

for C andJLex for Java, which construct a fast scanner automliti@ccording to
specifications (regular expressions). You will ffitfsarn how to specify a scanner
using regular expressions, then the underlyingrihdmat scanner generators use to
compile regular expressions into efficient prograwhich are basically finite state
machines), and then you will learn how to use anisengenerator for Java, called
JLex.

4.0 CONCLUSION
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In this unit you have been taken through the furelaal concepts and importance of
the lexical analyser. In the next unit you will learning more about the workings and
implementation of a lexical analyser

5.0 SUMMARY
In this unit, you learnt that:

» the lexical analyser could be a separate pass,nglats output on an
intermediate file from which the parser would thake its input.

* when the lexical analyser and the parser are tegaththe same pass, the
lexical analyser acts as a subroutine or co-routiutech is called by the parser
whenever it needs a new token.

» the analysis of the source program is usually gptid two phases, lexical
analysis and syntactic analysis, to simplify therall design of the compiler.

e ascanner groups input characters into tokens.

» the key issue in the design of a scanner is speed

6.0 TUTOR-MARKED ASSIGNMENT

6. What is a scanner?

7. Enumerate the functions of the scanner

8. Write a naive scanner that groups the input charaadf a compiler into
lexical words
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1.0 INTRODUCTION

Having learnt about the role and need of a |lexacellyser in the previous unit, in
this unit we will go on to discuss various methodfs constructing and
implementing a lexical analyser.

Now let us go through your study objectives fos thinit.
2.0 OBJECTIVES

At the end of this unit, you should be able to:
 list the various methods of constructing a lexexahlyser
» describe the input buffering method of constructarigxical analyser
» describe the transition diagram method of constrga lexical analyser
» state the problems with hand implementation metifasbnstructing lexical
analysers
e construct transition diagrams to handle keywordsniifiers and delimiters

3.0 MAIN CONTENT

3.1 Lexical Analysis
In lexical analysis, we read the source progranrattiar by character and converge
them to tokens.

A token is the smallest unit recognizable by thenpiter. There are basically a few
numbers of tokens that are recognized. Generallyhave four classes of tokens that
are usually recognised and they are:
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I Keywords
il. Identifies

ii. Constants
\V2 Delimiters

3.2  Construction of Lexical Analyser
There are 2 general ways to construct lexical aealy

1) Hand implementation
2) Automatic generation of lexical analyzer

3.2.1 Hand Implementation

There are two ways to use hand implementation:
I Input Buffer approach
. Transitional diagrams approach

3.2.1.1 Input Buffering

The lexical analyser scans the characters of thecsoprogram one at a time to
discover tokens. Often, however, many characteo@yhe next token may have to
be examined before the next token itself can berdethed. For this and other reasons,
it is desirable for the lexical analyser to readimput from an input buffer. There are
many schemes that can be used to buffer input bushall discuss only one of these
schemes here. Figure 1shows a buffer divided mtoHalves of, say, 100 characters.
One pointer marks the beginning of the token belisgovered. We view the position

of each pointer as been between the characterdadtand the character next to be
read. In practice, each buffering scheme adoptscongention; either a pointer is at

the symbol last read or the symbol it is readyetdt

T

token lookahead
beginning pointer

Figure 1: Input buffer

The distance which the lookahead pointer may haveavel past the actual token
may be large. For example, in a PL/l program we s&gy/

DECLARE (ARG1, ARGZ2, ..., ARG)

without knowing whether DECLARE is a keyword oramay name until we see the
character that follows the right parenthesis. thegicase, the token itself ends at the
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second E. If the lookahead pointer travels beybediuffer half in which it began, the
other half must be loaded with the next charadtera the source.

Since the buffer of Figure 1 is of limited sizegtté is an implied constraint on how
much lookahead can be used before the next tokdiadevered. For example, in
Figure 1, if the lookahead travelled to the lefif laad all the way through the left half
to the middle, we could not reload the right hed#cause we would lose characters
that had not yet been grouped into tokens. Whilearemake the buffer larger if we
choose or use another buffering scheme, we cagnote the fact that lookahead is
limited.

By using buffer, we mean that you read part of tdy into the buffer (temporary
storage) and then begin to scan by using get clear6ETCHAR) to scan and you
form the token as you go along.
e.g.

real x, y, z

integer r, g

read (6, 7) (a (i), | = 1, 20)

You can prepare a buffer of 80 characters andtteadrst line to it and begin to scan,
and then go to the next line.

Problems Associated With Hand Implementation
* Where the language allows keyword to be used &deatifier e.g. DC: in PL2
* Where the language does not recognize blanks egaaator, you will not stop
scanning until you reach a comma. Like in FORTRADNsing hand
implementation for real X, y, z; you take “reab$ an identifier

3.2.1.2 Transition Diagram (TD)

One way to begin the design of any program is tecdiee the behaviour of the
program by a flowchart. This approach is partidylasseful when the program is a
lexical analyser, because the action taken is igapendent on what character have
been seen recently. Remembering previous chardmtdie position in a flowchart is

a valuable too, so much so that a specialised &irftbwchart for lexical analysers,
calledtransition diagram has evolved. In a TD, the boxes of the flowclaaet drawn

as circles and calledtates The states are connected by arrows, catiéges The
labels on the various edges leaving a state irglit&t input characters that can appear
after that state.

In TD, we try to construct a TD for each token, dmeh link up.

For example, the TD for keywords and identifiers #re same. See in Figure 2 below
an automaton you can use for an identifier

Letter or digit Final

/ State
letter / | \ delimiter




Figure 2: Transition diagram for identifier

If the automaton sees a letter in state O, it doestate 1, if it sees a letter or digit in
state 1 it remains there. But if it sees a delimighile in state 1, it moves to state 2,
which is the final state.

3.2.1.3 How to Handle Keywords.
There are two ways we can handle keywords.

I. We can use the transition diagrams for the idemtiind when you get a
delimiter, you look up a dictionary (that contaalsthe keywords) to see if the
identifier you are seeing is a keyword or not.

ii. Another way is to bring all the keywords togetherai TD i.e. construct a TD
for each keyword.

E.g. Suppose the following keywords exist in a laage: BEGIN, END, IF,
THEN, ELSE. You can construct a single TD for dltleem and then you have
something like the diagram in Figure 3 below.

blank

SooWoONOUoLL@)kut

blank

new I|n
‘ @ return (2,)

blank

@_»@_»@new I|n ‘ return (5,)

blank

new I|n
@ ‘ return (3,)

blank

OWOWOL @“GW““GQ
—p —p —p

Figure 3: Transition diagram for keywords
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NOTE:
Here, we make the keywords the basis of our seahdreas in the first method, we
make the identifiers the basis of our search.

We are also assuming here that the keyword carethidbeginning of an identifier.
Therefore, if it sees something like “THENPAP will break it into two like “THEN
PAP” because you are not allowed to use keywordlseabeginning of an identifier.

For delimiters especially relational operators, gan also construct a TD like the one
above.

Self Assessment Test

1) What are the different ways to construct a lexaalyser?
2) State the problems with hand implementation

4.0 CONCLUSION

In this unit you have been taken through hand impletation method of lexical
analyser construction. This method can be carrigdrotwo ways: input buffer and
transition diagram. Due to the attendant problefihie method, there are now tools
that are used in automatic generation of lexicallyser. This will be discussed in
later unit of this module.

5.0 SUMMARY
In this unit, you learnt that:

» the lexical analyser could be constructed by udiagd implementation or
automatic generation.

* hand implementation can be done by input buffedntggansition diagram.
* hand implementation has some attendant problems.
» using TD, keywords can be handled two ways.

6.0 TUTOR-MARKED ASSIGNMENT
9. Describe how to construct a TD
10.How is a TD similar to a flowchart?
11.Construct a TD to recognise relational operators

7.0 REFERENCES/FURTHER READING
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1.0 INTRODUCTION

In the previous unit you learnt about hand impletagon and the two ways it can
be carried out. You also learnt about the problesitis hand implementation.

In this unit, we will discuss regular expressiomsl dhe automatic generation of
lexical analysers.

Now let us go through your study objectives fos thinit.
2.0 OBJECTIVES

At the end of this unit, you should be able to:
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» define regular expressions (Res)

» define basic terms such as tokens, patterns, lexame attributes

» distinguish between normal regular expressiondendegular expressions
» Construct Lex-style regular expressions for pattern

* Write the language that is denoted by any regupressions

» describe tools for generating lexical analysers

3.0 MAIN CONTENT

3.1 Automatic Generation of Lexical Analyzer

There are tools that can generate lexical analj@eyou. But before we begin the
discussion of the design of a program for genegdérical analysers, you will first be
introduced to a very useful notation, called regebgressions, suitable for describing
tokens.

3.2. Language Theory Background

3.2.1 Definitions

Symbol: (character, letter)

Alphabet: a finite nonempty set of characters. E.g. {0,ARCII, Unicode

String (sentence, word): a finite sequence of charaghessibly empty.

Language a (countable) set of strings, possibly empty.

3.2.2 Operations on Strings

i. concatenation
i. exponentiation

- X’is the empty string.
- X =x" fori>0

i.  prefix, suffix, substring, subsequence
3.2.3 Operations on Languages
i. union
i. concatenation
i. exponentiation
- L%is{e&}, even wherl is the empty set.

« LU'=L"Y, fori>0
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iv.  Kleene closure
- L*=L%ulL'u...
= Note thatL* always contains the empty string.

3.3 Regular Expressions (RES)

Regular expressions are a very convenient fornefasenting (possibly infinite) sets
of strings, calledegular setsFor example, the RE|(b)*aarepresents the infinite set
{ " aa', aad', bad', abad, }, which is the set of all strings with charactarandb
that end ima

Many of today's programming languages use reguiaressions to match patterns in
strings. E.g., awk, flex, lex, java, javascriptflppython

3.3.1 Definition of a regular expression and the languag#é denotes
3.3.1.1 Basis

= ¢is aregular expression that denotesH{
= A ssingle charactea is a regular expression that denotes}{

3.3.1.2 Induction
Suppose ands are regular expressions that denote the languggeand L§).

i.  (r)|(s) is a regular expression that denoteg L(L(S).
ii. (r)(s) is a regular expression that denoteglL(s).
iii.  (r)*is a regular expression that denoteg)t.(
iv. (r) is a regular expression that denoteg.L(

We can drop redundant parenthesis by assuming:

= the Kleene star operator * has the highest preasdend is left
associative

= concatenation has the next highest precedencesaef i
associative

= the union operator | has the lowest precedencésdefl
associative

E.g., under these rules r|s*t is interpreted d€gij(t)).
3.3.1.3 Extensions of Regular Expressions

» Positive closurer+ =rr*
= Zero or one instance? =¢ |r
= Character classes:

= [abc]=al|b]|c
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- [0-9]=0]1]2]...]9

We can freely put parentheses around REs to démeterder of evaluatior

For example, 4| b)c. To avoid using many parentheses, we use thewfwitp rules:
concatenation and alternation are associativeABC means AB)C and is equivalent
to A(BQC)), alternation is commutative (i.¢A| B = B| A), repetition is idempotent (i.e
A" =A), and oncatenation distributes over alternation (ia| b)c = ad| bo).

For convenience, we can give names to REs so westanto them by their nam
For example:

for - keyworc= For

letter =[a-zA-Z]

digit =[0-9]

identifier = letter (letter | digit)”

sign =4 - £

integer =sign (0 | [1 - 9igit)

decimal = integer. digit’

real = (integer| decimal) E signdigit”

There is some ambiguity though: If the input inéadhe charactefor8 , then the
first rule (forfor-keyword matches charactersf¢r ), the fourth rule (foidentifier)
can match 1, 2, 3, or 4 characters, the longesglfor8 . To resolve this type
ambiguities, when there is a choice of rules, seagenerators choose the one-
matches the maximum number of clcters. In this case, the chosen rule is the
for identifier that matches 4 charactefor8 ). This disambiguation rule is called t
longest match ruldf there are more than one rules that match éineesmaximun
number of characters, the rule listérst is chosen. This is threle priority
disambiguation rule. For example, the lexical wfor is taken as for-keyword
even though it uses the same number of charaders @mentifier

Today regular expressions come in many differemh$o

i. Theearliest and simplest are the Kleene regular egjme
i. Awk and egrep extended grep's regular expressighswion and parenthese
i. POSIX has a standard for Unix regular expressi
iv. Perl has an amazingly rich set of regular expressperators
v. Python uses pcre regular expressic

Self Assessment Test 1
1. What language is denoted by the following regulgressions’

a. (a*b*)*
b. a(alb)*a
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c. (aalbb)*((ablba)(aalbb)*(ablba)(aalbb)*)*
d. a(balja)*
e. ab(a|b*c)*bb*a

3.3.2 Lex Regular Expressions

The lexical analyzer generators flex and lex ugeraded regular expressions to
specify lexeme patterns making up tokens. The dmtiole language Lex has been
widely used for creating many useful lexical analysols including lexers. The
following symbols in Lex regular expressions hapedal meanings:

\ A2 {30/
To turn off their special meaning, precede the syirbly \. Thus,

= \* matches *.
= \\ matches \.

Examples of Lex regular expressions and the sttimgyg match are:

1) "a.*b" matches the string.*b .

2) . matches any character except a newline.

3) ™ matches the empty string at the beginning ofe lin
4) $ matches the empty string at the end of a line.

5) [abc] matches aa, or ab, or ac.

6) [a-z] matches any lowercase letter betwaeandz.

7) [A-Za-z0-9] matches any alphanumeric character.
8) [*abc] matches any character exceparwr ab, or ac.
9) ["0-9] matches any nonnumeric character.

10)a* matches a string of zero or ma's.

11)a+ matches a string of one or ma@'s.

12)a? matches a string of zero or oa's.

13)a{2,5} matches any string consisting of two to fa/s.
14)(a) matches aa.

15)a/b matches aa when followed by &.

16)\n matches a newline.

17)\t matches a tab.

Lex chooses the longest match if there is more dmenmatch. E.ggb* matches the
prefix abb in abbc .

3.4 Tokens/Patterns/Lexemes/Attributes

A tokenis a pair consisting of a token name and an ogltiatiribute value. e.g., <id,
ptr to symbol table>, <=>
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Some regular expressions corresponding to tokens:
For the token keyword, we can say

Keyword = BEGINCO END OIFOTHEN O ELSE
Identifier = letter (lettef] digit)*

Constant = digit

Relop = <k=0<> 0> [0>=

A patternis a description of the form that the lexemes mgkip a token in a source
program may have. We will use regular expressiortenote patterns. e.g., identifiers
in C: [_A-Za-z][_A-Za-z0-9]*

A lexeme is a sequence of characters that matblegsattern for a token, e.g.,

I. identifiers: count, x1, i, position
ii. keywords: if
li. operators: =, ==, I=, +=

An attribute of a token is usually a pointer to the symboleadrhtry that gives
additional information about the token, such asyi®, value, line number, etc.

3.5 Languages for Specifying Lexical Analyser

There are tools that can generate lexical analyZereexample of such tools is LEX
which is discussed in the next section. You areetd about other tools in your
further reading.

3.5.1 Specifying a Lexical Analyzer with Lex

Lex is a special-purpose programming languageriatong programs to process
streams of input characters. Lex has been widedg €@ constructing lexical
analyzers. A Lex program has the following form:

declarations

%%

translation rules
%%

auxiliary functions

The declarations section can contain declaratibnamables, manifest constants, and
regular definitions. The declarations section carimpty. The translation rules are
each of the form

pattern {action}
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Each pattern is a regular expression which mayeg@ar definitions defined in the
declarations section. Each action is a fragme-obde. The auxiliary functions
section starting with the second %% is optionakrigthing in this section is copied
directly to the fildex.yy.c ~ and can be used in the actions of the translatiles.

LEX , LEX Lexical
source compiler AnalyzerL

Input Lexical |, Sequence of
texi Analyzer tokens

Figure 1: The role of LEX
The input to the LEX compiler is called LEX soued the output of LEX compiler
is called lexical analyzer i.e. the LEX compilengeate lexical analyzer.
3.5.2 LEX Source
LEX source is an input that states the characiesisif the lexical analyzer for the
language. In actual fact, it will define the tokdosthe language. LEX source differs

from language to language.

The LEX source program consists of two parts: Ausege of auxiliary definitions
followed by a sequence of translation rules.

1) The auxiliary definitions: are statements of the form:

D]_:Rl
D2:R2
Dh=R,

Where each Dis a distinct name and; & a regular expression whose symbols are
chosen from the alphabets of the language

Di =2U{ Dy, Dy, ..., D.1} i.e. the characters of previously defined names
(Note that what you have not defined earlier cameotsed later)

2) The Translation Rules these are of the form:

P.{A 1}
Pg {A2}
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P {An}

Where each jHs a regular expression called Pattern over tphadlet consisting of

sigma §) and the auxiliary definition names. The pattedescribed the form of the

tokens.

Each Ais a program segment describing what action thiedéanalyzer should take
when token Pis found.

To create the lexical analyzek’, each of the £, must be compile into machine
codes just like any other program written in theglaage of the A.

In summary, the lexical analyzercreated by LEX behaves in the following manner:

* L reads its input one character at a time untibag found the largest prefix in
the input which matches one of the regular expoassk .

* Oncel has found that prefiX, removes it from the input and places it in a
buffer called tokenL then executes the actions. After completing A L
returns control to the parser.

* When requested td, repeats these series of actions on the remainmg.i

3.5.3 Steps in lex implementation

. Read input lang spec

. Construct NFA with epsilon-moves (Can alsdDFA directly)
. Convert NFA to DFA

. Optimize the DFA

. Generate parsing tables & code

apbrhwdNPEF

3.5.4 Sample Lex programs
Example 1: Lex program to print all words in an input stream

The following Lex program will print all alphabetigords in an input stream:

%%
[A-Za-z]+

{ printf("%s\n", yytext); }
\n {}

The pattern part of the first translation rule stz if the current prefix of the
unprocessed input stream consists of a sequermeeadr more letters, then the
longest such prefix is matched and assigned théRestring variablgyytext . The
action part of the first translation rule printe grefix that was matched. If this rule
fires, then the matching prefix is removed from bleginning of the unprocessed input
stream.
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The dot in pattern part of the second translatide matches any character except a
newline at the beginning of the unprocessed inpaam. Than matches a newline
at the beginning of the unprocessed input strefthisl rule fires, then the character
of the beginning of the unprocessed input streararsved. Since the action is
empty, no output is generated.

Lex repeatedly applies these two rules until thaiirstream is exhausted.

Example 2: Lex program to print number of words, numbers, and lines in a file

int num_words = 0, num_numbers = 0,
num_lines = O;
word [A-Za-z]+
number [0-9]+
%%
{word} {++num_words;}
{number} {++num_numbers;}
\n {++num_lines; }

. {}
%%
int main()
{

yylex();

printf("# of words = %d, # of numbers = %d, # of
lines = %d\n",

num_words, num_numbers, num_lines );

}

Example 3: Lex program for some typical programminglanguage tokens

%({ /* definitions of manifest constants */
LT, LE,
IF, ELSE, ID, NUMBER, RELOP */

[* regular definitions */

delim [ \t\n]

ws {delim}+

letter [A-Za-z]

digit [0-9]

id {letter}({letter}|{digit})*

number {digit}+(\.{digit}+)?(E[+-] ?{digit}+)?

%%

{ws} {}

if {return(IF);}

else {return(ELSE);}
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{id} {yylval = (int) installlD(); return(ID);}

{number} {yylval = (int) installNum(); return(NUMBE R);}
"<" {yylval = LT; return(RELOP); }

=" {yylval = LE; return(RELOP); }

%%

int installlD()

{

/* function to install the lexeme, whose first
character

is pointed to by yytext, and whose length is

yyleng,

into the symbol table; returns pointer to symb ol

table

}

entry */

int installNum() {
/* analogous to installlD */

}

3.54

3.5.5

Creating a Lexical Processor with Lex

Put lex program into a file, sdie.l
Compile the lex program with the command:

lex file.l
This command produces an output féd&.yy.c.

Compile this output file with the C compiler anetlex library-I|

gcce lex.yy.c -lI

The resultinga.out is the lexical processor.
Lex History

The initial version of Lex was written by Michaet$k at Bell Labs to run on
Unix.

The second version of Lex with more efficient regudxpression pattern
matching was written by Eric Schmidt at Bell Labs.

Vern Paxson wrote the POSIX-compliant variant of,Lealled Flex, at
Berkeley.

All versions of Lex use variants of the regular+egsion pattern-matching
technology described in section 3.3.2

Today, many versions of Lex use C, C++, C#, Javd,adher languages to
specify actions.
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Self Assessment Test 2
1. Construct Lex-style regular expressions for théofing patterns.

a. All lowercase English words with the five vowelsarder.
b. All lowercase English words with exactly one vowel.

2. Write a Lex program that copies a file, replaciaglenonempty sequence of
whitespace consisting of blanks, tabs, and newlayes single blank.

40 CONCLUSION

In this unit, you have been taken through the cpnhoéregular expressions, and the
languages that are used to automatically geneeateal analysers. In the next unit
you will be taken through how to convert regulapessions to non-deterministic
finite automata (NFA) and deterministic finite aonata (DFA)

50 SUMMARY
In this unit, you learnt that:

* regular expressions are a very convenient fornepfasenting (possibly
infinite) sets of strings

» parentheses can be put around REs to denote tbeaifrdvaluation

» lexical analyzer generators Flex and Lex use exemegular expressions to
specify lexeme patterns making up tokens

* Lex chooses the longest match if there is more timenmatch

* apatternis a description of the form that the lexemes mgkip a token in a
source program may have

* alexeme is a sequence of characters that matocbgmttern for a token

» anattribute of a token is usually a pointer to the symbol ¢adatry that gives
additional information about the token, such asyipe, value, line number, etc

* Lex s a special-purpose programming languagergsatong programs to
process streams of input characters

* the input to the LEX compiler is called LEX souiad the output of LEX
compiler is called lexical analyzer LEX source risiaput that states the
characteristics of the lexical analyzer for theglaage

» LEX source differs from language to language.

» the LEX source program consists of two parts: Ausege of auxiliary
definitions followed by a sequence of translatioles.

» there are several tools for automatically genegal@xical analysers of which
LEX is one.

6.0 TUTOR-MARKED ASSIGNMENT

1. Construct Lex-style regular expressions for théofing patterns.
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a. All lowercase English words beginning and endinthwine substring
"ad".

b. All lowercase English words in which the letters ar strictly
increasing alphabetic order.

c. Strings of the form abxba where x is a string af &'’s, and c’s that
does not contain ba as a substring.

2. Write a Lex program that converts a file of Engliskt to "Pig Latin." Assume
the file is a sequence of words separated by wiates If a word begins with a
consonant, move the consonant to the end of thd amd add "ay". (E.qg.,
"pig" gets mapped into "igpay".) If a word beginghna vowel, just add "ay" to
the end. (E.g., "art" gets mapped to "artay".)

3. Describe a language (different from the one dissdigs this course) for
specifying Lexical analyser.

4. How is the language described in question (3) alsowdar or different from
LEX.

7.0 REFERENCES/FURTHER READING

Alfred V. Aho, Monica Lam, Ravi Sethi, and Jeffl@y Ullman (2007) Compilers:
Principles, Techniques, and Top&econd Edition. Pearson Addison-Wesley

Andrew W. Appel (2002)Modern Compiler Implementation in Jgws@econd edition.
Cambridge University Press

Keith D. Cooper and Linda Torczon (200Engineering a CompiletMorgan
Kaufmann

Steven S. Muchnick (1997Advanced Compiler Design and Implementatidorgan
Kaufmann

Michael L. Scott (2009 Programming Language Pragmatjcehird Edition. Morgan
Kaufman

Robert W. Sebesta (201@oncepts of Programming Languagéknth Edition.
Addison-Wesley

66



Module 2: LEXICAL ANALYSIS
Unit 4: Implementing a Lexical Analyzer
CONTENTS

1.0 Introduction
2.0 Objectives
3.0 Main Content
3.1 Finite Automata
7.1.1 Nondeterministic Finite Automaton (NFA)
7.1.2 Deterministic Finite Automata (DFAS)
3.2  Equivalence of Regular Expressions and Finutofata
3.3  Converting a Regular Expression to an NFA
3.4 Converting a Regular Expression into a DeteistimFinite Automaton
4.0 Conclusion
5.0 Summary
6.0 Tutor-Marked Assignment
7.0 References/Further Reading

1.0 INTRODUCTION

In the previous unit you were taken through aut@engeneration of lexical
analyser. The importance of regular expressionghe generation of lexical
analysers was brought out.

In this unit, we will discuss finite state machinasich are the recognisers that
recognise regular expressions and also how to coRkes into finite automata
and vice versa.

Now let us go through your study objectives fos thinit.

2.0 OBJECTIVES

At the end of this unit, you should be able to:
e define finite automata
e convert REs to NFA
e convert NFA to DFA

3.0 MAIN CONTENT
3.1 Finite Automata

A recogniser for a languadeis a program that takes as input a stxrand answers
‘yes” if xis a sentence a&f and “no” otherwise. Clearly, the part of a lexieaklyser
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that identifies the presence of a token on thetirga recogniser for the Iguage
defining that token.

Variants of finite automata are commonly used téchnaegular expression patter|
3.1.1 Nondeterministic Finite Automaton (NFA)
A nondeterministic finite automaton (NFA) consisfs

A finite set of stateS

An input alphaet consisting of a finite set of symbals

A transition functiord that maps$S x (X U {&}) to subsets oS This
transition function can be represented by a tremsgraph in which th
nodes are labeled by states and there is a diredggellabelea from
nodew to nodev if 5(w, a) containsy.

An initial states; in S.

F, a subset cS called the final (or accepting) states.

An NFA accepts an input strirx if there is a path in the transition graph from
initial state to a final state thatells outx. The language defined by an NFA is the
of strings accepted by the NF
3.1.2 Deterministic Finite Automata (DFAS)
A deterministic finite automaton (DFA) is an NFAwhich
There are n@ moves, ant
For each stats and input symbacd there is gactly one transition out «
s labeleda.

Therefore, a DFA represents a finite state macthaerecognizes a RE. For examy
the following DFA:

O @'

Figure 1: DFA recognising the string (at™)*

recognizesdbc)’. A finite automaton consists of a finset of states, a set
transitions (moves), one start state, and a sitalfstates (accepting states).
addition, a DFA has a unique transition for eveage-characte combination. Fo
example, Figure has 4 states, state 1 is the start stad state 4 is the only fini
state.
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A DFA accepts a string if starting from the sta#te and moving from state to ste
each time following the arrow that correspondsdingent input character, it reache
final state when the entire input strinr.consumed. Otherwise, it rejects the stri

The Figure Iepresents a DFA even though it is not complege ffiot all stai-
character transitions have been drawn). The comple#A is as in Figure 2 beloy

Figure 2: Complete DFA recognising thstring (abc’)”

but it is very common to ignore state O (callederror statg since it is implied. (Th:
arrows with two or more characters indicate trams# in case of any of the
characters.) The error state serves as a black\wbieh does not let you esca|

A DFA is represented byteansition tabl¢ T, which gives the ext stateT[s, c] for a
states and a charactar. For example, thT for the DFA above is:

A bc
00 00
1200
2/0 30
3004
42 104

Suppose that we want to build a scanner for the

for - keyword= For
identifier =[a-Z[a-20-9]

The corresponding DFA has 4 final states: one tepicthefor-keyworcand 3 to
accept an identifier:
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accept accept
£ identifier ,  identifier .

accept
for-keyword

dengrer T
identifier [2-20-9]

Figure 3: DFA recognising identifier and fa-keyworc

(the error state is omitted again). Notice thatdach state and for each charac
there is a single transition.

A scanner based on a DFA uses the DFA's trandgiole as follows

state = initial_state;
current_character = get_next_character();
while ( true)
{ next_state = T[state,current_character];
if (next_state == ERROR)
break;
state = next_state;
current_character = get_next_character();
if ( current_character == EOF )
break;
%
if (is_final_state(state) )
‘we have a valid token'
else ‘report an error

This program does not explicitly taketo account the longest match disambigua
rule since it ends at EOF. The following prograrmizre general since it does 1
expect EOF at the end of token but still uses@hgést match disambiguation ru

state = initial_state;
final_state = ERROR;
current_character = get_next_character();
while ( true)
{ next_state = T[state,current_character];
if (next_state == ERROR)
break;
state = next_state;
if (is_final_state(state) )
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final_state = state;
current_character = get_next_character();
if (current_character == EOF)
break;
13
if ( final_state == ERROR)
‘report an error'
else if ( state !=final_state )
‘we have a valid token but we need to backtrack
(to put characters back into the input str eam)'
else "we have a valid token’

Is there any better (more efficient) way to buildcanner out of a DFA? Yes! We can
hardwire the state transition table into a proggauth lots of gotos). You've learned
in your programming language course never to ugsesg8ut here we are talking
about a program generated automatically, whichrmeoreeds to look at. The idea is
the following. Suppose that you have a transitromf states, to s, when the current
character i€. Then you generate the program:

sl: current_character = get_next_character();

if ( current_character =='c")
goto s2;

s2: current_character = get_next_character();

3.2  Equivalence of Regular Expressions and Finite iomata

Regular expressions and finite automata definesanee class of languages, namely
the regular sets. In Computer Science Theory wevstidhat:

1. every regular expression can be converted intaqaivalent NFA using
the McNaughton-Yamada-Thompson algorithm.

2. every NFA can be converted into an equivalent DEAgi the subset
construction.

3. every finite automaton can be converted into alegxpression using
Kleene's algorithm.

3.3  Converting a Regular Expression to an NFA

The task of a scanner generator, such as JLexgesrterate the transition tables or to
synthesize the scanner program given a scanneffispgon (in the form of a set of
RES). So it needs to convert REs into a single DH#s is accomplished in two
steps: first it converts REs into a non-determiaibite automaton (NFA) and then it
converts the NFA into a DFA.
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An NFA, as earlier stated, is similar to a DFA hwtlso permits multiple transitior
over the same character and transitions evkr the case of multiple transitiofrom
a state over the same character, when we aresatttie and we read this charac
we have more than one choice; the NFA succeeddahat one of these choic
succeeds. Thetransition does not consume any input charactergps may jump t
another state for free.

Clearly DFAs are a subset of NFAs. But it turns thiait DFAs and NFAs have tl
same expressive power. The problem is that whewerting a NFA to a DFA w:
may get an exponential blowup in the number okst

We will first learn how to convert a RE into a NFA. This is the epast. There ar
only 5 rules, one for each type of F

a o—0
: (O——
w22 o FE E)
58]
58 Jowye
sie :D
58] NGO

o 0B e i O 0

Figure 4: NFA for each RE characteristics

As it can been shown inductively, the above rut@sstruct NFAs with only one fini
state. For exampléhe third rule indicates that, to construct the NiBAthe REAB,
we construct the NFAs fagk andB, which are represented as two boxes with one
state and one final state for each box. Then th& fdF ABis constructed b
connecting the final statof A to the start state & using an empty transitiol

For example, the REa|b)c is mapped to the following NFA:
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Figure 5: NFA for the RE (alb)c

Theorem 3.1 Any regular expression can be converted to aefiautomaton (FA) or
recognizer or finite state machine usually a Notedrinistic one (NFA) to generate
the possibilities in that transition.

A better way to convert a regular expression toeeognizer is to construct a
generalised transition diagram (TD) from the expias The TD is usually a non-
deterministic one but before you can program ity yfmave to convert it to a
deterministic one. To turn a collection of TDs imt@rogram, we construct a segment
of code for each state. The first step, in the cmieany state is to obtain the next
character from input buffer. So for this purpose,wge GETCHAR

The finite state diagram for the regular expressibnd)*:

Figure 6: NFA recognising identifier

The algorithm below can be used to convert the Tova into a finite state
automaton.

Algorithm:
State 0: C:= GETCHAR()
If LETTER(C) then go to state 1
Else FAIL()

State 1: C:= GETCHAR()
If LETTER(C) or DIGIT(C) then go toadée 1
Else if DELIMITER(C) then go to stdte
Else FAIL()

Self Assessment Test
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3) Define finite automa
4) Distinguish between NFA and DI
5) Convert the following REs into NF/

i.  (a*b*)*
i. a(alb)*a
lii.  (aalbb)*((ablba)(aalbb)*(ablba)(aalbb
iv. a(bala)*
v. ab(alb*c)*bb*:

3.4 Converting a Regular Expression into a Determinist Finite Automaton

To convert a RE into a DFA, you first convert the Rto an NFA as discussed
section 3.3. The next step is to convert the NFA RFA (callecsubset constructic).
Suppose that you assign a number to each NFA 3ia¢eDFA states generated
subsetonstruction have sets of numbers, instead ofgustnumber. For example
DFA state may have been assigned the set {5, 6/ l8%. indicates that arriving to tl
state labeled {5, 6, 8} in the DFA is the same @wiag to the state 5, the state 6
the state 8 in the NFA when parsing the same ir{Racall that a particular inp
sequence when parsed by a DFA, leads to a unigtes sthile when parsed by a NI
it may lead to multiple states

First we need to handle transitions that lead be! states for free (without consumil
any input). These are thdransitions. We define ttclosureof a NFA node as the s
of all the nodes reachable by this node using zere, or mor¢ transitions. Fo
example, The closure of node 1 in the Figure 7 below

L o3
ab

)

Figure 7: Closure of NFA

is the set {1, 2}. The start state of the conseddDFA is labeled by the closure of 1
NFA start state. For every DFA state labeled byeget s,,...,s.} and for every
charactec in the language alphabet, you find all the stad@shable b's;, s,, ..., ors,
usingc arrows and you union together the closures of theses. If this set is not ti
label of any other node in the DFA constructedaspyou create a new DFA no
with this label. For example, node {1, 2} in the DBBove has an arrow to a {3, 4,
for the charactea since the NFA node 3 can be reached by a and nodes 4 and
can be reached by 2. Tharrow for node {1, 2} goes to the error node whig
assocated with an empty set of NFA nod
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The following NFA recognizesa| b) (abb|a’b), even though it was not construc
with the above RE-ttNFA rules. It has the following DF#£

Figure 8: NFA recognising (a| bXabb | &b)

Self Assessment Test 2

3) convert the NFAs in question (3) of Self Assessntesit 1 into DFA
4) Construct an NFA to accept the straa*|bb*
5) Convert the NFA drawn in question (2) above to [

4.0 CONCLUSION

In this unit, you have been taken through the cpnoé finite automat, equivalence
of REs and finite automata and also how to conR&$ into NFAs and subsequen
DFAs.

5.0 SUMMARY
In this unit, you learnt that:

» a DFA represents a finite state machine that rezegra RE

» a finite automaton consists of a finite set tates, a set of transitions (move
one start state, and a set of final states (acugstiates). In addition, a DF
has a unique transition for every s-character combination.

* to covert aRE into a DFA, you will first have to convert ittma nor-
deterministic finite automaton (NFA) and then convibe NFA into a DFA

* An NFA is similar to a DFA but it also permits mple transitions over th
same character and transitions o

» there are several tools for automatically genegakixical analysers of whicl
LEX is one.

6.0 TUTOR-MARKED ASSIGNMENT

1. Write down deterministic finite automata for théldaving regular expression
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i. (a*b*)*

ii. (aalbb)*((ablba)(aalbb)*(ablba)(aalbb)*)*
iii. a(bala)*

iv. ab(a]b*c)*bb*a

2. Construct a deterministic finite automaton that vatognize all strings of O's
and 1's representing integers that are divisibl8.byssume the empty string
represents 0.

3. Use the McNaughton-Yamada-Thompson algorithm toedrthe regular

expressiora(alb)*a  into a nondeterministic finite automaton.

Convert the NFA of (3) into a DFA.

Minimize the number of states in the DFA of (4).

ok

7.0 REFERENCES/FURTHER READING

Aho, A V. and Ullman, J. D. (1977Rrinciples of Compiler DesigrAddison-Wesley
Publishing Company. ISBN 0-201-00022-9

Davis, Martin E., Sigal, Ron and Weyuker, Elaine (1994). Computability,
complexity, and languages: Fundamentals of thecaetiomputer sciencdoston:
Academic Press, Harcourt, Brace. pp. 327. ISBN 063321.

John E. Hopcroft and Jeffrey D. Ullmarnntroduction to Automata Theory,
Languages, and Computation Addison-Wesley Publishing, Reading
Massachusetts, 1979. ISBN 0-201-029880-X.

Alfred V. Aho, Monica Lam, Ravi Sethi, and Jeffl®y Ullman (2007) Compilers:
Principles, Techniques, and Top&econd Edition. Pearson Addison-Wesley

Andrew W. Appel (2002)Modern Compiler Implementation in Jgwsecond edition.
Cambridge University Press

Keith D. Cooper and Linda Torczon (200Engineering a CompileMorgan
Kaufmann

Steven S. Muchnick (1997Advanced Compiler Design and Implementatidorgan
Kaufmann

Michael L. Scott (2009 Programming Language Pragmatjcehird Edition. Morgan
Kaufman

Robert W. Sebesta (201@oncepts of Programming Languagéknth Edition.
Addison-Wesley

76



Module 3: SYNTAX ANALYSIS

Unit 1: Context-Free Grammars
CONTENTS

1.0 Introduction
2.0 Objectives
3.0 Main Content
3.1 The Parser
3.1.1 Role of the Parser
3.2 Context-Free Grammars (CFG's)
3.3 Derivations and Parse Trees
3.3.1 Derivations
3.3.2 Parse Trees
3.4  Ambiguity
3.5 Verifying Grammars
4.0 Conclusion
5.0 Summary
6.0 Tutor-Marked Assignment
7.0 References/Further Reading

1.0 INTRODUCTION

In the previous module, you have been taken thrabghexical analysis phase of
a compiler. The module showed you that the lexstalcture of tokens could be
specified by regular expressions and that from gquleg expression you could
automatically construct a lexical analyser to reusg the tokens denoted by the
expression. Module 3 will give similar treatmenttbé next phase of a compiler,
which is the syntax analysis phase. For the syiotaspecification of a
programming language, we shall use a notation a¢alecontext-free grammar
(grammar, for short), which is also called BNF (Bas-Naur Form) description.

In this first unit of the third module, you will bexposed to grammars, how a
grammar defines a language, and what featuresagfr@mming languages can,
and cannot, be specified by context-free grammars.

Now let us go through your study objectives fos thinit.
2.0 OBJECTIVES

At the end of this unit, you should be able to:
» define context-free grammars (CFGs)
» define and state the roles of a parser
» describe the concept of ambiguity
* generate parse trees for sentences
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* verify grammars
3.0 MAIN CONTENT
3.1 The Parser

The Parser takes tokens from lexer (scanner acdégnalyser)and builds a parse tree.
The parser has two basic functions. It checks tiattokens appearing in its input,

which is the output of the lexical analyser, ocitupatterns that are permitted by the
specification for the source language. It also isg®oon the token a tree-like structure
that is used by the subsequent phases of the campil

3.1.1 Role of the Parser

The parser reads the sequence of tokens genenratbd exical analyzer.

It verifies that the sequence of tokens obeys treect syntactic structure of
the programming language by generating a parseirmmphcitly or explicitly
for the sequence of tokens.

It enters information about tokens into the synthoble.

It reports syntactic errors to the user.

3.2 Context-Free Grammars (CFG's)

CFG's are very useful for representing the syrdastructure of programming
languages. A CFG is sometimes called Backus-NatmEBNF). It consists of

A finite set of terminal symbols,

A finite nonempty set of nonterminal symbols,

One distinguished nonterminal called the start sylrdnd

A finite set of rewrite rules, called productiorsich of the form A- «
where A is a nonterminal andis a string (possibly empty) of terminals
and nonterminals.

PoONPE

A context- free grammar is formally representedh®ytuple:
CFG=(N, T, P, s)

where: N and T are finite sets of nonterminals and terminals uride
assumption thall andT are disjoint
P is a finite set of productions such that each pectidn is of the
form: A - a (whereA is a nonterminal and is a string of
symbols)
sis the start symbol
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3.2.1 Notational conventions:

Terminalsare usually denoted by:
- lower-case letters early in the alphaletb, c;
- operator symbols: +, -, *, etc.;
- punctuation symbols: (, ), {, }, ; etc;
- digits: 0,1, 2, ..., 9;
- boldface stringsif, else etc.;

Nonterminalsare usually denoted by:
- upper-case letters early in the alphabetB AC;
- the letter S representing the start symbol,
- lower-case italic namegxpr, stmt etc.;

Grammar symbolsthat is either terminals or nonterminals, areresented by
upper-case letters late in the alphabet: X, Y, Z

Strings of Terminals only are represented by lower-case letters latehm
alphabetu, v, w, ...z

Productionsare represented in the following way: -Aa1, A — 02 etc.

Alternatives in productionsre represented by A a1 | a2 etc.

Consider the context-free grammar G with the préidas

E SE+T|T
T ST*F|F
F - (E) | id

- The terminal symbols are the alphabet from whicimg$ are formed. In this
grammar the set of terminal symbols is { id, +(,*) }. The terminal symbols
are the token names.

- The nonterminal symbols are syntactic variable$ demote sets of strings of
terminal symbols. In this grammar the set of nanteal symbols is §, T, F}.

« The start symbol iE.

3.3 Derivations and Parse Trees

3.3.1 Derivations
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The central idea to how a CFG define a languagdbat production may be applied
repeatedly to expand the nonterminals in a stringomterminals and terminals. For
example, consider the following grammar for arittimexpressions:

ESE+E|E*E|(E)|-Efl oo, (1)

The nonterminal E is an abbreviation for expressidre production E- -E signifies
that an expression preceded by a minus sign isaslsxpression. This production can
be used to generate more complex expressions fimples expressions by allowing
you to replace any instance of an E by -E. In thpkest case you can replace a single
E by -E. This action can be described by writing:

E=-E

which is read as “E derives -E". The productior-E(E) tells us that we could also
replace one instance of an E in any string of granmsymbols by (E); e.qg.

E*E=(E)*EorE*E=E * (E).

You can take a single E and repeatedly apply pitochs in any order to obtain a
sequence of replacements. For example,

E=-E=-(E)=>-(d)

Such sequence of replacements is called a derivation of - (id) from E. This
derivation provides a proof that one particular instance of an expression is the
string -(id).

In a more abstract setting, we say that aApf — ayf3 if A — vy is a production and
and 3 are arbitrary strings of grammar symbols. If a1 = az = ... = an, we say a1
derives an. The symbol = means “derives in one step”. Often we wish to say
“derives in zero or more steps”. For this purpose we can use the symbol =*
Therefore:

1) a=* afor any string a, and
2) Ifa =>*B and a = v, thena =*y

Similarly, we usea =+ [ to mean “a derives [3 in a derivation of one or more
steps”.

Given a context-free grammar G with start symbol S we can use the =* relation to
define L(G), thelanguage generateby G. Strings irL(G) may consists of all strings
of terminal symbols that can be derived from tlagtsymbol of G. We say a string of
terminalsw is in L(G) if and only if S=* w. The string w is called a sentence of G.

If S =+ a, where a may contain nonterminals, then we sais asentential formof
G.
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Example 1:
The string -(id + id) is a sentence of grammaraligve because
E=-E=>=-(E)=-(E+E)=-(d+E)=-(id + id)

The strings E, -E, -(E), ..., -(id + id) appearingtims derivation are all sentential
forms of this grammar.

To understand how certain parsers work, we needrisider derivation in which only
the leftmost nonterminal in a sentential form iglaeed at each step. Such derivations
are termed leftmost. Analogously, rightmost deroszg are those in which the
rightmost nonterminal is replaced at each step.

3.3.1.1 Leftmost Derivations

Derivations in which only the leftmost nontermimalany sentential form is replaced
at each step are callégitmost a =|m B.

if WAYy=wOoy then oa=|mp.

where A- o is a production andv is a string of terminals, and
y is a string of grammar symbols.

To emphasize the fact that derives3 by a leftmost derivation may be written:
o =Im* B
If S=|m* a thena is aleft-sentential fornof the grammar.

Example 2: Consider the grammar G with the follayyomoductions:

ES>E+T|T
ToT*F|F
F— (E) | id

A leftmost derivation expands the leftmost nonterahin each sentential form:

E >E+T
>T+T
>F+T
>id+T
=>id+T*F
=>id+F*F
=>id+id*F
=id+id *id
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3.3.1.2 Rightmost Derivations

Derivations in which only the rightmost nontermimmalny sentential form is replaced
at each step are calleghtmost o =m B.

if YAw=vydw then a=rmB.

where A- o is a production andv is a string of terminals, and
y is a string of grammar symbols.
To emphasize the fact that derives3 by a rightmost derivation may be written:
a :>rm* B
If S=rm* a thena is aright-sentential fornof the grammar.

Example 3: Consider the grammar G with the follayyomoductions:

ES>E+T|T
ToT*F|F
F— (E) | id

A rightmost derivation expands the rightmost namieal in each sentential form:

E >E+T
>E+T*F
>E+T*id
>E+F*id
=>E+id*id
=T+id *id
=>F+id*id
=id +id *id

Note that these two derivations have the same paase

3.3.2 Parse Trees

Parse tree is a graphical representation for dwsivathat filters out the choice

regarding replacement. It has the important purpbdseaking explicit the hierarchical
syntactic structure of sentences that is impliedhieygrammar.

Each interior node of the parse tree is labelledsbgne nonterminal A, and the
children of the node are labelled, from left thti, by the symbol in the right side of
the production by which this A was replaced in tegivation. For example, A —

XYZis a production used at some step of a derivativery the parse tree for that
derivation will have the subtree illustrated below:




The leaves of the parse tree are labelled by tedsiior nonterminals and, read from
left to right. They constitute a sentential formalled theyield or frontier of the tree.
For example, the parse tree for —(id + id) implkedthe derivation of Example 1
above is as shown in Figure 1 below:

Figure 1. Parse tree
Self Assessment Test 1

1. Let G bethegrammarSaShbS|bSaSg]|
a. What language is generated by this grammar?
b. Draw all parse trees for the senteabab

3.4  Ambiguity

A grammar that produces more than one parse tresoime sentence is said to be
ambiguous. i.e. An ambiguous grammar is one thadymmes more than one leftmost
or more than one rightmost derivation for some esece. For certain types of parsers,
it desirable that the grammar be made unambigufmrsjf it is not, we cannot
uniquely determine which parse tree to select fegrgence.

Consider the context-free grammar G with the prados

E _E+E|E*E|(E)]|id

This grammar has the following leftmost derivatfonid + id * id

E >E+E
=>id+E
>id+E*E
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=>id+id*E
= id +id * id

This grammar also has the following leftmost deromaforid + id * id

E >E*E
>E+E*E
=>id+ E*E
=>id+id*E
= id +id *id
These derivations have different parse trees.
A grammar isambiguousf there is a sentence with two or more parsestree
The problem is that the grammar above does noifgpec
the precedence of the + and * operators, or
the associativity of the + and * operators
However, the grammar in section (3.2) generates sdume language and is
unambiguous because it makes * of higher preced#rae +, and makes both

operators left associative.

A context-free language isherently ambiguou it cannot be generated by any
unambiguous context-free grammar.

The context-free languagea™™a"b" |[m> 0 andn > 0} u { a"b"a"b™|m > 0
andn > 0} is inherently ambiguous.

Most natural languages are inherently ambiguousnbuprogramming languages
are inherently ambiguous.

Unfortunately, there is no algorithm to determinkether a CFG is ambiguous;
that is, the problem of determining whether a CE@mbiguous is undecidable.

We can, however, give some practically useful sidfit conditions to guarantee
that a CFG is unambiguous.

3.5 Left Recursion
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"A grammar is leftrecursive if we can find some r-terminal A which will
eventually derive aentential forr with itself as the left-symbol."

3.5.1 Immediate left recursion
Immediate left recursion occurs in ruof the form

A— Ao |3

wherea andp are sequences of nonterminals and terminalspaloesn't start witlA.
For example, the rule

Expr — Bxpr + lerm

is immediately leftrecursive. Therecursive descent parséor this rule might loo
like:

function Expr()

Expr(); match('+); Term();
}

and a recursive descent parser would fall intanitdirecursion when trying to parst
grammar which contains this r.

3.5.2 Indirect left recursion

Indirect left recursion in its simplest form coudd defined a

A—Ba|C
B — A3| D,

possibly giving the derivatiod = Ba = Afa = ...

More generally, for the nontermine<lo, A1,. .. .1*_11‘1, indirect left recursion can t
defined as being of the for

4_'11) — :11&'1 | -
:11 —* :13[]:'2 | .

flﬂ — ;‘10(}:’“.'_1 | ‘e
wheret1, 43, . . ., thhgre sequences of nonterminals and termi
3.5.3 Removing left recursior

3.5.3.1 Removing immediateleft recursion
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The general algorithm to remove immediate left reicun follows. Severe
improvements to this method have been made, ingudhe ones described
"Removing Left Recursion from Cont-Free Grammars"”, written by Robert
Moore. For eaclule of the forn

A= Aoy| ... |Acn | 3] ... | Bm
where:

A is a leftrecursive nontermin

a is a sequence of nonterminals and terminals shabt null & 7 €)
B is a sequence of nonterminals and terminals tes dot start with /

replace the Aproduction by the productic
A— A BRA

And creag a new nontermin

A —e|lag A oo |ap A

This newly created symbol is often called the "fait the "rest'
As an example, consider the r

Ezxpr — Expr + Expr|Int| String

This could be rewritten to avoid left recursiol

Expr — Int ExprRest | String Expr Rest

FEzprRest — €| + Expr ExprRest

The last rule happens to be equivalent to the thighorter forn
EzprRest — €| + Expr

3.5.3.2 Removing indirect left recursion

If the grammar has ne-productions (no productions of the ford — ... €] )
and is not cyclic (no derivations of the fo A = ... = Afor any nonterminal A)
this general algorithm may be applied to removér@ud left recursio :

Arrangethe nonterminals in some (any) fixed orddy, ... Ay,

fori=1ton{
forj=1toi—1{
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let the currenA; productions be

A; — 6y ..|6%

replace each producti(ﬂ“li - Aj"?"by
A — byl |0y

remove direct left recursion fiA;

}
}
The leftrecursive pair of production
A - Aa |B

could be replaced by the r-left-recursive productions
A-BA" and A' 5 aA' |0

without changing the set of strings derivable frar

The leftrecursive productiol
A - A, |Ag, Ao, | ... [Aa | By | By ] Bsl - 1B,
could be replaced by the r-left-recursive productions

A BA"|B,A |..B,A" and
Ao o A |o,A" | |o A" | O

3.5.4 Algorithm for Elimination of Left Recursion

Initialize: Arrange the nonterminals in some orcAl, Az’ ...,An

Repeat for i:= 1to n do
for j;=1toi-1do
replace any production the form\, — Ajy
by the productionsA - 3,y |0y ... [3Y
whereAj -0, |0,]... 19,
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end

eliminate the immediate left-recursion amamg/
productions A - BA" andA' - oA |0 )

Exampled: S-Aa|b

A- Ac|Sd| O

for i=1 nothing happens

for i=2 we obtain A - Ac |Aad | bd | O
after eliminating the immediate left recursions
S-Aa|b

A = bd A'| A
A - cA' | adA'| O

3.6  Verifying Grammars

Given a grammar G, we may want to prove t{&) = L for some given language
L. To do this, we need to show that every stringegated by G is in L, and every
string in L can be generated by G.

Consider the grammar with the productions»>§ S) S k.

Let L be the set of strings of balanced parentheses

We can use induction on the number of steps inravat®n to show that every

string generated from S is balanced, thus shovwhat) évery string generated by
the grammar is in L.

We can use induction on the length of a stringhmwsthat every balanced string

can be generated from S, thus showing that evdanbed string is generated by
the grammar.

Self Assessment Test 2

4.0

1. Let G bethegrammarSaShbS|bSaS]|
a. Is this grammar ambiguous?

CONCLUSION
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In this unit, you have been taken through the cpha# context-free grammars,
derivations and parse trees. In the rest of thisute you will learn about parsing
techniques.

5.0 SUMMARY

In this unit, you learnt that:

6.0

7.0

a leftmost derivation expands the leftmost nonteahin each sentential form

a rightmost derivation expands the rightmost nonieal in each sentential

form

parse tree is a graphical representation for deoivdhat filters out the choice

regarding replacement

the leaves of the parse tree are labelled by tedsiior nonterminals and, read
from left to right and they constitute a sentenfiam, called the yield or

frontier of the tree

an ambiguous grammar is one that produces moredharieftmost or more

than one rightmost derivation for some sentence

TUTOR-MARKED ASSIGNMENT
Let G be the grammar-S a S b . Prove that(G) ={a""|n>0}.

Consider a sentence of the forih+ id + ... +id where there ara
plus signs. Let G be the grammar in section (3xbyva. How many parse trees
are there in G for this sentence wheaquals

a. 1

A OWN

b.
C.
d.
e. m?
Consider the grammar in section (3.6) above. Howmyrsentences does this
grammar generate havimgeft parentheses wheneequals
a. 1
b. 2
3
4
m?

® a0
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INTRODUCTION

In unit 1 of this module, you have been exposedoiatext free grammars, how a
grammar defines a language, and what featuresagfr@mming languages can,
and cannot, be specified by context-free grammérghis unit, you are going to
learn about parsing techniques. There are variogslof parsing techniques and
these can be broadly categorised into two viz:dopn and bottom-up parsing
techniques.

Now let us go through your study objectives fos thinit.

2.0

OBJECTIVES

At the end of this unit, you should be able to:

3.0

Define parsing techniques

Distinguish between top-down and bottom-up parsaehniques
Describe shift reduce parsing

Define handle

Analyse an input string using shift-reduce parsing

MAIN CONTENT
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3.1

Parsing Techniques

There are two types of Parsing

etc.

3.2

1. Top-down Parsing (start from start symbol and derivstring)

A Top-down parser builds a parse tree by starttripearoot and working down
towards the leaves. It is easy to generate by hBrdmples are Recursive-
descent parser and Predictive parser.

. Bottom-up Parsing (start from string and reduce gtart symbol)

A bottom-up parser builds a parser tree by stadinttye leaves and working up
towards the root. Bottom-up parsing is charactdrisethe following:
o Itis not easy to handle by hands, usually comygkarerating software
generate bottom-up parser
o It handles larger class of grammar

Example is LR parsers, simple precedence parseratgy precedence parsers,

Bottom-Up Parsing

In programming language compilers, bottom-up parsing is a parsing methwat t
works by identifying terminal symbols first, and nebines them successively to
produce non-terminals. The productions of the parar be used to build a parse tree
of a program written in human-readable source ¢bdecan be compiled to assembly
language or pseudo code.

3.2.1 Types of bottom-up parsers

The common classes of bottom-up parsers are:

LR parser (you will learn more about this in unnfshis module)
o LR(0) - No lookahead symbol
o SLR(1) - Simple with one lookahead symbol
o LALR (1) - Lookahead bottom up, not as powerfulfab LR(1) but
simpler to implement. YACC deals with this kindgrmmar.
LR(1) - Most general grammar, but most complexiplement.
LR(k) - (wherek is a positive integer) indicates an LR parser with
k lookahead symbols; while grammars can be desitrdequire more
than 1 lookahead, practical grammars try to avdis tbecause
increasingk can theoretically require exponentially more cadd data
space (in practice, this may not be as bad). Alse,class of LR
languages is the same as that of LR(1) languages.
Precedence parsers (you will learn more abouirthigit 5 of this module)
o Simple precedence parser
o Operator-precedence parser
o Extended precedence parser
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3.2.2 Shift-Reduce Parsers

The most common bottom-up parsers are the shitteedoarsers. These parsers
examine the input tokens and either shift (puskirttonto a stack or reduce elements
at the top of the stack, replacing a right-hane &g a left-hand side.

3.2.2.1 Action table

Often an action (or parse) table is constructeccwhielps the parser determine what
to do next. The following is a description of witah be held in an action table.

Actions

« Shift - push token onto stack

- Reduce - remove handle from stack and push onsgoneling nonterminal

- Accept - recognize sentence when stack containstbaldistinguished symbol
and input is empty

- Error - happens when none of the above is possitsEns original input was
not a sentence

3.2.2.2 Shift and reduce

A shift-reduce parser uses a stack to hold the gramsymbols while awaiting
reduction. During the operation of the parser, syislirom the input are shifted onto
the stack. If a prefix of the symbols on top of st@ck matches the RHS of a grammar
rule which is the correct rule to use within thereat context, then the parser reduces
the RHS of the rule to its LHS, replacing the RH&bols on top of the stack with
the non-terminal occurring on the LHS of the rdikis shift-reduce process continues
until the parser terminates, reporting either ssgcer failure. It terminates with
success when the input is legal and is acceptdldebgarser. It terminates with failure
if an error is detected in the input.

The parser is a stack automaton which is in orsewéral discrete states. In reality, in
the case of LR parsing, the parse stack contaatesstrather than grammar symbols,
as you will learn in unit 5 of this module. Howeysince each state corresponds to a
unique grammar symbol, the state stack can be mapp® the grammar symbol
stack mentioned earlier.

3.2.2.3 Algorithm: Shift-reduce parsing

Step 1: Start with the sentence to be parsed asitla sentential form
Step 2: Until the sentential form is the start sghdo:
a) Scan through the input until we recognise sometktiag) corresponds
to the RHS of one of the production rules (thisaed a handle)
b) Apply a production rule in reverse; i.e., replabe RHS of the rule
which appears in the sentential form with the LHSth® rule (an
action known as a reduction)

93



In step 2(a) above we are "shifting" the input sgialio one side as we move through
them; hence a parser which operates by repeatpglyiag steps 2(a) and 2(b) above
is known as a shift-reduce parser.

A shift-reduce parser is most commonly implementsihg a stack, where we
proceed as follows:

. start with an empty stack

- a "shift" action corresponds to pushing the curmeptit symbol onto the stack

- a "reduce" action occurs when we have a handleopnof the stack. To
perform the reduction, we pop the handle off tlalstand replace it with the
nonterminal on the LHS of the corresponding rulaisTs referred to as handle
pruning

Example 1
Take the grammar:
Sentence --> NounPhrase VerbPhrase

NounPhrase --> Art Noun
VerbPhrase --> Verb | Adverb Verb

Art -->the|a]| ...
Verb --> jumps | sings | ...
Noun -->dog | cat| ...

And the input:
the dog jumps

Then the bottom up parsing is:

St ack | nput Sequence  Action

0 (the dog jumps)

(the) (dog jumps)  SHIFT word onto stack
(Art) (dog jumps) REDUCE usi ng grammar rule
(Art dog) (jumps) SHIFT..

(Art Noun) (jumps) REDUCE..

(NounPhrase) (jumps) REDUCE

(NounPhrase jumps) 0 SHIFT

(NounPhrase Verb) 0 REDUCE

(NounPhrase VerbPhrase) 0 REDUCE

(Sentence) 0 SUCCESS

Example 2

Given the grammar:

<Expression> --> <Term> | <Term> + <Expression>
<Term> --> <Factor> | <Factor> * <Term>
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<Factor> -->[ <Expression>]]|0...9

St ack Input String Action
0 2*[1+3)) SHIFT

(2) *[1+3) REDUCE

(<Factor>) *[1+3) SHIFT

(<Factor> *) [1+3) SHIFT

(<Factor>*]) a+3) SHIFT

(<Factor>*[1) (+3) REDUCE

(<Factor>*[<Factor>) (+3)]) RED UCE
(<Factor>*[<Term>) (+ 3] SHI FT
(<Factor>*[<Term>+) (3] SHI FT
(<Factor>*[<Term>+3) (D REDU CE
(<Factor>*[Term>+<Factor>) @) REDUCE
(<Factor>*[<Term>+<Term>) (D REDUCE
(<Factor>*[<Term>+<Expression>) (]) REDUCE
(<Factor>*[<Expression>) (D SHIFT
(<Factor>*[<Expression>]) 0 REDUCE
(<Factor>*<Factor>) 0 REDUCE
(<Factor>*<Term>) 0 REDUCE
(<Term>) 0 REDUCE
(<Expression>) 0 SUCCESS

3.2.3 Shift-Reduce Parsing

This technique is a bottom-up parsing techniquattémpts to constructs a parse tree
for an input string beginning at the links and wadktowards the root. This process is
called reduction. For instance construct a paeseftr:

I went to Lagos yesterday

noun verb prep. noun adverb

N4

Object phrase
This is analogous to replacing the right hand sideroduction with left hand side.

The problem is how to decide which production tduee at which points. This
bottom-up parsing method is called shift-reduceabse it consists of shifting input
symbols unto a stack until the right side of a picithn appears on the top of the
stack. The right side may then be replaced by tmbsls of the left side of the
production, and the process repeated.

Informally, a substring which is the right sideaproduction such that a replacement
of that substring by the variable on the left sedentually leads to a reduction to the
stack symbols through the reverse of a rightmosvalgon is called a “handle”

The process of bottom up parsing may be viewedres ad finding and reducing
handle.

Technically, given grammar G, we say a string ahieal omegaw

95



weLG)Iiff, S=>w

w sentence of G, if SS* a wherea may contains non-terminal then sayis a
sentential form of G.

3.2.3.1 Handles

A handle of a string is a substring that matchesright side of a production whose
reduction to the nonterminal on the left represamts step along the reverse of a
rightmost derivation. Aandleof a right-sentential formy is a production, A- 3

(A derivesp) at a position ofy where the string3 may be found and replaced by A
to produce the previous sentential form in thetrigbst derivation ofy.

L.e. If S= * cAw = ofw, then A B in the position followingx is a handle of
o Bw.

For example let us consider the grammar:
1. E- E+E
2. E- E*E
3. E- (B)
4. E- i

Using top-down parsing (rightmost derivation) todfithe handles, we have:
E=>E+E=mE+E*E

=>mE+E*h
=>mE+L*i
=mig+i*i
(Note that handles have been underlined above)

Another rightmost derivation: E =mE*E
=>mE*i3
=rm E+E* |3
—>mE +i2* i3

=rmil+i2*i3

3.2.4 Stack Implementation of Shift-Reduce Parsing

There are two problems to be solved in parsingdndle pruning. These are
1)  how to locate the substring to be reduced in thlettsentential form;
i) which production to choose in order to implemesmetréduction.
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A convenient way for dealing with such difficulties to design shift-reduce parser
which uses a stack to hold the grammar symbolsaandput buffer to hold the string

to be parsed.

The shift-reduce parseoperates by shifting zero or more symbols ontcstaek until

a handle appears on the top. The parser then reduedhandle to the left side of the
corresponding production. This process continudd an error occurs or the start

symbol remains on the stack.

Theshift-reduce parseperforms four operations:

. shift - the next input symbol is shifted onto the tophd stack;

. reduce- the parser knows the right end of the handlatithe top of
thestack. It must then locate the left end of thadbe within the stack
and decide with what nonterminal to replace thediegn

. accept- the parser announces successful completionrsingg

. error - the parser discovers that a syntax error hasroed.

Example 3:Successive steps in rightmost derivations:

a) S=*rm 0AZ=rm aBByz=rm aByyz

Stack Input
1) $apBy yz$
2)  $apB yz$
3) $apBBy z$

D) S=*rm aBXAZ=rm aBXyz=rm ayxyz

Stack Input

1) $ay Xyz$

2) $aBxy z$

Example 4: The shift-reduce parser for the context-free gramm

E-E+E
E-E*E
E- (E)
E- id

performs the following steps when analyzing theutrgiring:id, +id, * id 3
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Stack Input Action

$ id; +id, *id3$ shift

$id, +id, *id3 $ reduce by - id
$E +id, *id3$ shift

SE+ id, *id3$ shift

$E+id, *id3$ reduce byE - id
$E+E *id3$ shift

$ E+E* ids$ shift

SE+E*id; | $ reduce byE - id
$ E+E*E $ reduce byE - E*E
$E+E $ reduce byE - E+E
$E $ accept

Another way of analysing this could be as below:

Stack Input Action
$ h+i*is$ Shift
$iy +b*iz$ reduce
$E +p*iz$ shift
$E+ 1*i3% shift
$E+ b *£$ reduce
SE+E *3$ reduce
$E *1$ shift
$E* £$ Shift
$E * i $ reduce
$E*E $ reduce
$E $ Accept
Shift reduce parsing is not adequate. In pardiegetare four possible actions:

I Shift

i. Reduce

iii. Accept

V. Reject/error

Self Assessment Exercise
12. Given the grammar in Example 4 above analysedhewing input string
using shift-reduce parsing
a) (id+id) *id
b) id + (id * id)

4.0 CONCLUSION
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In this unit, you have been taken through bottonpargsing using as an example shift-
reduce parsing. You have also learnt how to implenshift-reduce parser using
stack. In the next unit of this module, you wilate about another type of bottom-up
parsing called precedence parsing.

5.0 SUMMARY
In this unit, you learnt that:

* A Top-down parser builds a parse tree by starttripearoot and working down
towards the leaves.

* A bottom-up parser builds a parser tree by stadinye leaves and working up
towards the root

* ahandleof a right-sentential form G is a productién— b and a position in g
where b may be found and replaced Ayto produce the previous right-
sentential form in a rightmost derivation of a graan G.

» The process to construct a bottom-up parse iscclafladle-pruning

» A shift-reduce parser has just four canonical astishift, reduce, accept, and
error.

6.0 TUTOR-MARKED ASSIGNMENT
1) Given the grammar below:

E SE+T|T
T -T*F|F
F - (E)|id

a) Find the rightmost derivation of the input string { id) + id using top-down
parsing
b) Using shift-reduce parsing, analyse the followinguit string:

) (id*id)+id
i) id(id + id) * id

2) Consider the following grammar for list struur

S—al|"[(T)
T->T,S|S

a) find the rightmost derivations for
(i) (&, (a, &))
(i) (((a, &), ™, (a)), &)
b) Indicate the handle of each right sententiainfdor the derivations in (a)
above
c) show the steps of a shift-reduce parser correipg to these rightmost
derivations
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INTRODUCTION

In the previous unit you have been introduced tibooo-up parsing and a type of
bottom-up parsing referred to as shift-reduce pgrsin this unit you will be
exposed to another type of bottom-up parsing knas/precedence parsing. This
parser can be developed using operator grammars.

Now let us go through your study objectives fos thinit.

2.0

OBJECTIVES

At the end of this unit, you should be able to:

Define operator grammars and operator precedeteergars
Methods of generating relationship between opesator
Describe operator precedence parsing

State the advantages of operator precedence parsing
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» Compute the Wirth-Weber precedence relationshipletabbr any
precedence grammar

» Determine if a grammar is operator grammar or dper@recedence
grammar

» Parse input strings using the precedence relatipnsble

» Construct precedence functions

3.0 MAIN CONTENT
3.1  Operator Precedence Parser

An operator precedence parseris a bottom-up parser that interprets an operator-
precedence grammar. For example, most calculas@perator precedence parsers
to convert from the human-readable infix notatiathwerder of operations format into
an internally optimized computer-readable format IReverse Polish notation (RPN).

3.1.1 Relationship to Other Parsers

An operator-precedence parser is a simple shifiaedarser capable of parsing a
subset of LR(1) grammars. More precisely, the dpefjarecedence parser can parse
all LR(1) grammars where two consecutive nonterteimeever appear in the right-
hand side of any rule.

Operator-precedence parsers are not used oftemactiqe, however they do have
some properties that make them useful within aeladgsign. First, they are simple
enough to write by hand, which is not generallychse with more sophisticated shift-
reduce parsers. Second, they can be written touttoms operator table at runtime,
which makes them suitable for languages that cahtadr change their operators
while parsing.

To show that one grammar @perator precedence first it should beoperator
grammar. Operator precedence grammar is the only grammantwdan construct the
parse tree even though the given grammar is ambguo

We try to look at the relationship between opemsatorguide us in parsing.

3.1.2 Operator grammars

Operator grammarsave the property that no production right sidengpty or two or
more adjacent non-terminals. This property enatilesimplementation of efficient

operator-precedence parsershese parsers rely on the following three preceée
relations:

3.1.3 Operator Precedence Grammar
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An operator precedence grammar is @free operator grammar in which the
precedence relations define above are disjointfareany pair of terminals andb,

never more than one of these relatiansb, a=b a> bis true.

3.1.4 Precedence Relations between Operators (temais)
For terminalsa andb,

I. <:if a < b, we say a "yields precedence te” This means that a production
involving a has to yield to a production involvirg

ii. =:if a=Db, we saya “has the same precedence bBsThis means tha andb
are part of the same production.

iii. >: if a > b, we saya “has precedence ovelb. This means that production
involving a will be reduced before the production involvimg

An operator grammar is one that has no productibase right-hand side has two or
more adjacent non-terminals.

3.1.4.1 Methods of Generating Relationship betweddperators

I Intuition
il Formal

3.14.1.1 Intuition Method
We can use_associativitgnd precedence of the operations to assign tladiarl
intuitively as follows:

I If operatorB; and®8, has higher precedence th@nthen we mak®, > 8, and
0, < 0,
ii. If 8, andB, are operators of equal precedence then eitherake mg; > 6,

and6, > 6,, if the operators are left associative or méke: 6, and@, < 0y, if
they are right associative,

Self Assessment Exercise 1
Consider the grammar G:
E-E+T/T
ToT*F/F
Fo (BE)/i
Compute the operator precedence relationship tabkhis grammar.

3.14.1.2 Formal Method

For each two terminals symbasandb,
)] a = b if there is a right side of a production of thenfionaBby, wherep is
eithere or a single non-terminal. i.a.= b if a appears immediately to the
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left of b in a right side or they appear separated by omet@aninal e.g. S
— iICtSeS implies that+ t and t= e

1)) a < b if for some non-terminal A there is a right sidetlee formaaAp and

A =* ybd, wherey is eithere or a single non-terminal. i.e.< b if a non-
terminal A appears immediately to the rightafand derives a string in
which b is the first terminal symbol. E.g.-S iCtS and C=* b, therefore i

<, b. Also define $< b if there is a derivation S>* ybd andy is either
empty or a single non-terminal.

iii)  a> bif for some non-terminal A there is a right sidetlee formaAbp and

A =* yag, whered is eithere or a single non-terminal. i.a.> b if a non-
terminal A appearing immediately to the lefto&nd derives a string whose

last terminal symbol is. E.g. in S— iCtS and C=* b, therefore b> t.

Also definea > $ if there is a derivation S* yas ands is either empty or
a single non-terminal.

3.1.5 Construction of Matrix of all precedence relaons for a Grammar

To construct the matrix of precedence operatiomsafgrammar, you need to first
deduce for each nonterminal those terminals thatbeathe first or last terminal in a
string derived from that nonterminal. To demonsttis, let us consider the grammar
below:

E-E+T/T
T_.T*F/F
Fo (E)/i

For this grammar, all derivations from F will hatlee symbols ( or i as the first
terminal and the symbols ) or i as the last. A\ggron from T could begin B T *

F, showing that * could be both first and last terah Or a derivation could begin T
= F, meaning that every first and last terminalsvaddye from F is also a first or last
terminal derivable from T. Thus, the symbols *and i can be first and *, ), and i can
be last in a derivation from T. A similar argumapplies to E, and we see that +, *, (,
or i can be first and *, +, ), or i can be laste$h facts are summarised in the table
below.

Table 1: First and last terminals

Nonterminal First terminal Last terminal
E +1 *1 (1 I *1 +l )l I
T *1 (1 I *, ), I
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LF [ ), i |

Now, to compute the= relation, we look for right sides with two termisadeparated
by nothing or by a nonterminal. Only one right i), qualifies, so we determine

(=)

Next, consider:. We look for right sides with a terminal immedigteo the left of a
nonterminal to play the roles afandA in rule (ii). For each such pa,is related by

< to any terminal which can be first in a stringidable fromA. The candidates in
the grammar above are + and T in the right sideTE*and Fin T * F, and (and E in

(E). The first of these gives « *, + < (, and +< i. The *:F pair gives *< (and * <
i. The (:E pair gives< *, (< +, (< (, and & i. We then add the relationships<$*, $

<+, %< (,$< 1, since $ must be related kyto all possible first terminals derivable
from the start symbol E.

Symmetrically, we can construct the relation. We look for the right sides with a
nonterminal immediately to the left of a termin@l,play the roles of andb of rule
(ii). Then, every terminal that could be the lasa string derivable from is related

by > to b. In our grammar, the pair corresponding to A amatd E:+, T:*, and E:).
Thus, we have the relations* +, +> +, ) > +,i> +,*> * ) > * | > * * > ) +>

), ) > ), and i> ). We add the relations* $, +> $, ) > $, and i> $ according to
rule (iii). The precedence relations for our gramimas shown in the figure below:

+ * ( ) [ $
+

> < < > < >
*

> > < > < >
( < < < = <
) > > > >
' > > > >
$ < < < <

Figure 1. Operator-precedence relations

These operator precedence relations allow us tonidlelhe handles in the right
sentential forms: <- marks the left end, =- appeatise interior of the handle, and ->
marks the right end.

Let us assume that between the symlaplanda.., there is exactly one precedence
relation. Suppose that $ is the end of the striigen for all terminals we can write: $
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<-b and b -> $. If we remove all nonterminals and place torrect precedence
relation:
<., =-, -> between the remaining terminals, thereain strings that can be
analyzed by easily developed parser.

Example The input string:
Iy +ix*is

after inserting precedence relations becomes

$<ip>+<ip, >*<iz3>%

Having precedence relations allows us to ident#gdies as follows:
» scan the string from left until seeing ->
» scan backwards the string from right to left uséiging <-
» everything between the two relations <- and -> fotfme handle

Note that not the entire sentential form is scarnoéddd the handle.

Self Assessment Exercise 2:
Using this formal method, compute the precedentaioaship matrix table for the
grammar G in the Self Assessment exercise 1 above.

3.1.6 Operator Precedence Parsing Algorithm

Initialize: Setip to point to the first symbol ofv$

Repeat Let X be the top stack symbol, arad the symbol pointed to bp
if $ is on the top of the stack and ip points tth&n return
else

Let a be the top terminal on the stack, amdhe symbol
pointed to byip

if a<-b or a=-b then
pushb onto the stack
advanceap to the next input symbol
else if a->bthen
repeat
pop the stack

until the top stack terminal is related By
to the terminal most recently popped
elseerror()
end
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3.1.7 Making Operator Precedence Relation:

The operator precedenparsers usually do not store the preceditable with the
relations, rather they are implemented in a spegl

Operator precedence parsers use precedence funth@anmap terminal symbols
integers, and so the precedence relations betweesymbols are implemented |
numerical comparison.

Not every table of precedence relations has prexed&unctions but in practice f
most grammars such functions can be desi

3.2 Simple precedence parse

A Simple precedence parse like the operatoprecedence parser discussed earlie
this unitis a type of botto-up parser for contextee grammars that can be used c
by Simple precedence gramm

The implementation of the parser is quite simitathe generic botto-up parser. A
stack is usedo store a viable prefix of a sentential form framightmost derivatior
Symbols< ,=— anci are used to identify thpivot, and to know when tShift or

when toReduce

3.2.1 Implementationof Simple Precedence Pars:
To implement the simple precederparser, follow the following stey

Step 1:Compute the Wirt-Weber precedence relationshigble as you learnt i
section 3.1.5 abo
Step 2:Start with a stack with only trstarting marker $.
Step 3:Start with the string being parselnput) ended with amnding marker $.
Step 4:While not (Stack equals to $S and Input equals) &$= Initial symbol of the
grammar)

a) Search in the table the relationship between Tapk3t anc
NextToken(Input
by if the relationship it=—or <

= Shift:
» Push(Stackrelationship)

= Push(Stack, NextToken(Inpt
= RemoveNextToken(Inpt

c) if the relationship i<z

= Reduce
= SearchProductionToReduce(Ste
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= RemovePivot(Stac

= Search in the table the relationship between tha tominal
from the production and first symbol in stack (Starting fron
top)

= Push(Stack, relationsh

= Push(Stack, Non termin.

Step 5:SearchProductionToReduce (St

a) search thé&ivot in the stack the neare<<from the top
b) search in the productions of the grammar which loeee the same right si
than thePivot

Example 1

Given the grammar below:
E-E+T|T

T T

T -T*F|F

F -(E") | num

E' -E

num is a terminal, and the lexer pas any integer asum.

By step 1, the Parsing tabtegenerated as below:

EETITF+* () num$

E = > =

E' =

T B> = = =

T = = >

F > 3> = =
< | =< < <

* = < <

( <€ |=|€|<|< < <

) = 3 = =

num = = = =

$ < < | <€ < < <

By steps 2 through step 5, we hz
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STACK PRECEDENCE INPUT  ACTION
$ < 2%(1+3)$  SHIFT

$<2 > *(1+3)$ REDUCE (F—~num)

$<F > *(1+3)$ ERUCE (T—F)

$<T = *(1+3)$ HET

$<T=* < (1+3)% HET

$<T=*<( < 1+3)$ SHIFT

$<T=*<(<1 > +3)$ ERUCE 4times (F>num)(T—
F)(T'-T)(E-T)

$<T=*<(<E = +3)$ SHIFT

$<T=*<(<E=+ < 3)$ SHIFT

$<T=*<(<E=+<3 > )$ REDUCE 3 times (6 num) (T-F) (T'-T)
$<T=*<(<E=+=T > )$ REDUCE 2 times (EE + T) (E'- E)
$<T=*<(<E = )$ SHIFT

$<T:*<(:E':) > $ REDUCE (F (E"))

$<T=*=F > $ REDUCE(I»T*F)

$<T > $ REDUCE 2 times {T) (E-T")

$<E > $ ACCEPT

3.3  Algorithm for Constructing Precedence Functions

1. Create functionf, for each grammar terminaland for the end of string symbol;

2. Partition the created symbols into as many gs@gppossible such thgtandg, are
in the same group & =- b ( there can be symbols in the same group evereif th
are not connected by this relation);

3. Create a directed graph whose nodes are inrthupg, next for each symbols a and
b do: place an edge from the groumeto the group of, if a<- b, otherwise ifa ->
b place an edge from the groupfgfo that ofg,,

4. If the constructed graph has a cycle then nogaience functions exist. When there
are no cycles collect the length of the longeshpdtom the groups df, andg,
respectively.

Example Consider the table below:

id + * $
id > > >
+ <- > <- >
* <. > > >
$ <. <. <. >

Using the algorithm leads to the following graph:
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Figure 2: Graph representing precedence functions

4.0

from which we extract the following precedencediions:

id + * $
f 4 2 4 0
g 5 1 3 0

CONCLUSION

In this unit, you have been taken through anotyyee bf bottom-up parsing technique
known as precedence parsing. This technique is ssitgble for languages that can
add to or change their operators while parsingh&nnext unit you will learn more
about top-down parsing techniques.

5.0 SUMMARY

In this unit, you learnt that:

An operator precedence parselis a bottom-up parser that interprets an operator-
precedence grammar.

An operator-precedence parser is a simple shifiaedparser capable of
parsing a subset of LR(1) grammars

Operator grammarsiave the property that no production right sidengty or
two or more adjacent non-terminals

An operator precedence grammar issdnee operator grammar in which the
precedence relations define above are disjoinffareany pair of terminalga

andb, never more than one of these relatiangb, a=Db a> bis true

Precedence parsing techniques is suitable for yepithat can add to or
change their operators while parsing.
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6.0 TUTOR-MARKED ASSIGNMENT
1) Consider the following grammar for list struasr

S—al|"*[(T)
T->T,S|S

a) Compute the operator-precedence relations fergiiammar. Is it an operator-
precedence grammar?

b) Using the operator-precedence relations compune@) above, analyse the
following input string:

() (a, (a, a))
(i) (&, ), * (a)), &)

c) Find precedence functions for the relations catexbin (a) above.
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Module 3: SYNTAX ANALYSIS

Unit 4: Top-Down Parsing Techniques

CONTENTS
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1.0

In the previous units of this module you have bedroduced to some types of
bottom-up parsing. In this unit you will be exposedsome top-down parsing
techniques such as recursive descent parsing amdawsive predictive parsing.

3.1 Top-Down Parsing Techniques
3.1.1 Difficulties with Top-Down Parsing
3.1.1.1 Minimizing the Difficulties.
3.2 LL(K) GRAMMARS
3.3  Recursive Descent Parsing
3.4  Nonrecursive Predictive Parsing
3.4.1 Nonrecursive Predictive Parsing Algorithm

3.4.2 Functions Definitions
3421 FIRST and FOLLOW
34.2.1.1 FIRST
3.4.2.1.2 FOLLOW
3.4.3 How to Construct a Parsing Table
Conclusion
Summary
Tutor-Marked Assignment
References/Further Reading

INTRODUCTION

Now let us go through your study objectives fos thinit.

2.0

OBJECTIVES

At the end of this unit, you should be able to:

Define top-down parsing

State the difficulties with top-down parsing andvhitiey can be overcome

Describe recursive descent parsing

Define LL(k) grammars

Describe nonrecursive predictive parsing

Write an algorithm for nonrecursive predictive pags
Construct a predictive parser for LL(k) grammars
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» Use the predictive parsing table for a grammarnalyse/determine input
strings belonging to the grammar

3.0 MAIN CONTENT

3.1 Top-Down Parsing Techniques

Top-down parsing can be viewed as an attempt @ dirleftmost derivation for an
input string or as attempting to construct a pamse for the input string starting from
the root and creating the nodes of the parse trpest-order.

3.1.1 Difficulties with Top-Down Parsing

)] Which production will you apply? If the right proction is not applied you
will not get the input string.

1)) If you are not careful, and there is a left reatggproduction, it can lead to
continue cycling without getting to the answer imgut string.

i)  The sequence in which you apply the production enaiths to whether you
are going to get the input string or not. Thathgre is a particular sequence
that will lead you to the input string.

iv)  If you apply a production and find out that the guotion cannot work, you
have to start all over again.

3.1.11 Minimizing the Difficulties.
However some of these difficulties can be minimizexhoved.
I Left recursion can be removed from the gramrhrs can be done as follows:

If you have a production like:
A — Aa. This is left recursive but it can be removed kgvihg
something like:
A— Aa|B
You can set
A— BA
Then set A—> oA’ | ¢
By so doing, we have removed left recursion ang tienerate the same language.
But instead of two productions, you have three potidns.

. Order of trying the alternatives may influengeur getting the input or not.
You can use a method call&ttoring i.e left factoring is used to ensure that
the right sequence/order is used or followed.

eg. A-ap
A — ay
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If we have the above, which one do we expartd? We can get rid of this
dilemma by using left factoring to determine thghti sequence. That is the above
becomes:

A - aA

A - Bly
3.2  LL(K) GRAMMARS

LL(K) grammars are those for which the left parssan be made to work
deterministically, if it is allowed to look at K4out symbols, to the right of its current
input position. The left parser expands the leftnmas-terminal or variable.

In other words, a context-free grammar is callddgrammarwhen it is elaborated to
enable scanning the input from left to right (dewbby the first L) and to produce a
leftmost derivation (denoted by the second L).

Often we consider LL(1) grammars that use one irgymbol of lookahead at each
step to make parsing decisions.

These two properties allow us to perform efficiegttursive parsing. Moreover there
can be automatically constructed predictive parers LL grammars.

We use what is called a predictive parsing metlogarse certain things derivable
from LL(K)

3.3  Recursive Descent Parsing

Recursive descem$ a strategy for doing top-down parsing. As yearht earlier in
this unit, Top-down parsingaims to identify a leftmost derivation of a giverput
string with respect to the predefined grammar. Tbp-down parsing process
constructs a parse tree starting from the root mmodeeding to expand the tree by
creating children nodes till reaching the leaves.

Recursive descent parsers however operate doirkfraeking, that is, they make
repeated scans of the input in order to decide lwpioduction to consider next for
tree expansion. Using backtracking makes the re@udescent parsers inefficient,
and they are only a theoretically possible alteveatThat is why recursive parsers
that do not need backtracking to obtain the paesehave been developed. Therefore,
today, recursive descent parsing is a top-downagmpr that avoids backtracking.

The Recursive procedures can be quite easy to amiefairly efficient if written in a
language that implement procedure calls efficiently

Example 1
Consider the following grammar
@ E-TE (b) E- E+TOT
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E' -~ TE'|E T- T*FOF

T FT F- (E)Ti

Th - *FT’ Oe

F- (E)Oi
Grammar (a) and (b) are alike/identical becausengrar (b) has left recursion, we
can transform it to the form written in grammar @)ove. We can then easily
implement the parser by writing a procedure fotheaan-terminal like the one below.

For grammar (a), we have five non-terminals: E,TET’, F
By writing five (5) procedures for each of thesensterminals, then our parser is
complete.

Procedure E ( );
Begin
T();EPRIME ()

End
Procedure EPRIME ( );
Begin
If input-symbol = “+” then
Begin
ADVANCE ( ); T( ); Eprime ()
End
end

Procedure F( ) ;
Begin
If input-symbol = “i” then Advance ( )
Else if input-symbol = “(" then
begin
ADVANCE ( ); E();
If input-symbol = *“)” then ADVANCE ( ) ;
Else ERROR ( );
End
Else ERROR () ;
End

Figure 1:Recursive procedures for top-down parsing

Example 2:
Suppose we have a grammar G:
1. E-E+T
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2. E-T
3. T-T*F
4. TS F
5. F - (E)
6 F- a

Let us say we want to find the left parse of thaetesece a * (a + a)

Solution
We need to generate or derive to get a*(a+a)
Remember, we derive leftmost

E-T (2)
- T*F (3)
- F*F (4)
~a*F (6)
- a*(E) (5)
> a*(T+T) (1)
> a*(T+T) (2)
sa*(F+T) (4)
-a*(@a+T) (6)
-a*(@a+F) (4)
- a+t+(a+a) (6)

Sequence of derivation is 23465124646
3.4 Nonrecursive Predictive Parsing
Nonrecursive parsers rely on careful rewriting loé tontext-free grammar (as you

learnt in unit 1 of this module and also in sectBbh.1.1 of this unit) so as to decide

unambiguously which production to apply next, witheecursive backtracking, upon
seen a particular input symbol.

After rewriting of the grammar there is made a paydable which allows us to
implement an efficient stack-based parser.
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| nput al+|b|s$

St ack Qut put
Predictive
Par si ng Program

BN |

Par si ng Tabl e

Figure 1. Model of a predictive parser

A nonrecursive parsels an implementation of a predictive parser the¢ds the
symbols on a stack explicitly, without maintainitngm implicitly via recursive calls.

The input of a nonrecursive parser consists ofiagstv and a parsing tabM for the
grammarG.

The output of a nonrecursive parselefimost derivatiorof w, if the stringw belongs
to the grammar, that is it is I{ G ), otherwise it announces an error.

We can picture a predictive parser as in figurédva.

A predictive parser has an input, a stack, a parible and an output. The input
contains the string to be parsed followed by ddirsign, the right-end marker. The
stack contains a sequence of grammar symbols prddsdthe dollar sign, the bottom
of stack marker. Initially the stack contains ti&rtssymbol of the grammar preceded
by the dollar sign. The parsing table is a 2-dinere array M[A,a]. Where A is a
non-terminal ané is a terminal or the dollar sign

The parser is controlled by a program that behasédsllows:
The program determines X, the symbol on top ofdtaek anda, the current input
symbol to be parsed. These two symbols determmmadtion of the parser.

Looking at the symbols, there are three possibditi
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1. If X is a terminal and is also the end of strirfgg tight end marker (i.e. X&=
$), the parser halts and announces the successhyletion of parsing.

2. If X=a# $, i.e.a is on top of the stack arais the input to the procesthe
parser pops X off the stack and advances the ipputter to the next input
symbol.

3. If X is a non-terminal, the program consults théreM[X, a] of the parsing
table M and behaves accordingly. This entry wiher be an X-production of
the grammar or an error entry. If M[d] = {X - UVW}, the parser replaces
X on top of the stack by WVU (with U on top). Astput, the grammar does
the semantic action associated with this productidmnich, for the time being,
we shall assume is just printing the productionduse M[X, a] = error, the
parser calls an error recovery routine.

3.4.1 Nonrecursive Predictive Parsing Algorithm

We shall describe the behaviour of the parser imgeof its configurations, which
give the stack contents and the remaining inpuitially, the parser is in
configuration:

Stack Input
$S w$

where S is the start symbol of the grammar ands the string to be parsed. The
program that utilizes the predictive parsing tablproduce a parse is shown in Figure
2 below.

Initialize: Setip to point to the first symbol ofv$

Repeat Let X be the top stack symbol, arad the symbol pointed to bp
if X is aterminal or $hen
if X=a then
pop X from the stack and advanae
else error()
else /* X is a nonterminat/
if M[X,a]= X~ Y,Y,, .Y, then

begin
pop X from the stack
pushY,, Y, ..., Y, onto the stack, with¥, on top

output the productionX - Y, Y., ..., Y,

end
elseerror()
until X=9%
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Figure 2: Predictive Parsing program

3.4.2 Functions Definitions
To guide us in constructing the parsing table, veedhto define the following
functions.

3.4.2.1 FIRST and FOLLOW

To fill in the entries of a predictive parsing taplve need two functions associated
with grammar G. These functions, FIRST and FOLLOMW| indicate the proper
entries in the table fo G, if such a parsing tdbteG exists.

3421.1 FIRST

If a is any string of grammar symbols, define FIRQT( be the set of terminals that
begin strings derived fromr If a =* €, theng is also in FIRST).

The general definition of FIRST is FIR®) meaning the first k symbols in any
string thato can derive.

To compute FIRST(X) for all grammar symbols X, apfile following rules until no
more terminals of can be added to any FIRST set.

1) If X'is terminal, then FIRST(X) is (X)

2) If X is nonterminal and X aa is a production, then addto FIRST(X). If X
- €is a production, then addo FIRST(X).

3) If X - Y;1Y;...Yxis a production, then for allsuch that all of Y...,Y;; are
nonterminals and FIRST()containse forj =1, 2, ...j-1 (i.e. Y1,.Y2.,Yiq =*
£), add every nom-symbol in FIRST(Y) to FIRST(X). Ife is in FIRST(Y) for
all forj =1, 2, ...k then ad@ to FIRST(X).

Now we can compute FIRST for any stringgX%...X, as follows. Add to
FIRST(XX>...X;,) all the none symbols of FIRST(X. Also add the the noa-
symbols of FIRST() if € is in FIRST(X), the none symbols of FIRST(X) if €

is in both FIRST(X) and FIRST(X%), etc. Finally, add& to FIRST(XXo...X,) if,

for all i, FIRST(X) contains.

Example: Consider the Grammar below:

G E- TE
E - +TE'/
T- FT
T - *FT/e
Fo (E)/i
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Suppose we want to find FIRST(E) i.e. What are fingt elements of
strings which E can derive?

Solution
Elements of FIRST(E) ={(, 1}

Elements of FIRST(E") = { +¢ }
Elements of FIRSTT)) ={* ¢}

3.42.1.2 FOLLOW

Define FOLLOW(A), for non-terminal A to be the s#tterminalsa, that can appear
immediately to the right of A in some sententiaifioi.e. s—* aAaf3

If A can be the rightmost symbol in some senterfitieh, thene is in FOLLOW(A)
If A is the distinguish or is the start symbol, thieOLLOW (A) containg

To compute FOLLOW(A) for all nonterminals A, applige following rules until
nothing can be added to any follow set.

1) eisin FOLLOW(), whereSis the start symbol.

2) If there is a production A~ aB[, then everything in FIRSPE] but € is in
FOLLOW(B). Note that may still wind up in FOLLOW(B) by rule (3)

3) If there is a production A~ of3, or a production A- oB[3 where FIRSTR)
containse (i.e. 3 =* ¢, then everything in FOLLOW(A) is in FOLLOW(B)

Example 3
Find FOLLOW (E), FOLLOW (E’) , FOLLOW (T), FOLLOWT) , and FOLLOW
(F) for the grammar below:

G: E- TFE
E' - +TE'/e
T FT
T - *FT'/¢
Fo (BE)/i
Solution:
FOLLOW (E) = FOLLOW (E) = §&,)}

FOLLOW (T) = FOLLOW (T’) = {, ), +}
FOLLOW (F) =, ), +, *}

3.4.3 How to Construct a Parsing Table
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The following algorithm can be used to construgbradictive parsing table for a
grammar G. The idea behind the algorithm is simBlgppose A a is a production
with a in FIRST@). Then whenever the parser has A on top of thekstath a the
current symbol, the parser will expand A dyThe only complication occurs when
=g ora =* €. In this case, you should also expand Ackifthe current input symbol
is in FOLLOW(A), or if the $ on the input has baeached and is in FOLLOW(A).

The algorithm for constructing the parsing tablassollows:
Input: Grammar G
Output: Parsing table M

Method:

Step 1: For each production A derivegi.e. A~ a) of the grammar do steps 2
and 3.

Step 2: For each terminalin FIRST ¢), add production A- ato M [A, a]

a ~N
A Terminals

The Parsing Table M[Ag]

Non-Terminals > looks like this

4

Step 3: Ife is in FIRST §), add A - o to M[A, b] for each terminab in
FOLLOW(A). If eisin FIRST () and also in FOLLOW(A) add A«
to M[A, $]

Step 4: Make each undefined entry of M error

Example 4
Using the grammar G below, let us construct a pgrsble.
G E- TE
E' - +TE'/e
T FT
T - *FT'/e
F- (E)/i

We want to construct the parsing table for eacllycton

a. Considering the®lproduction E- TE’,
A=E; a=TE'

. FIRST(TE") = FIRST(E) = {(, i} an: is not in FIRST(TE")
b. Considering the"? production E— +TE'’

A=E; a=+TE’

. FIRST(+TE’) = {+} ande is not in FIRST(+TE"
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c. Considering "8 production, E'— ¢
A=E" a=¢g
.. FIRSTE) = {¢}.

Since ¢ is in FIRSTE), therefore, we find FOLLOW(E’) = {)}

d. Considering the™production T- FT’
A=T, a=FT

. FIRST(FT’) ={i, (} ande is not in FIRST(FT’)

e. Considering the"sproduction T'— *FT’
A=T, a=*FT’

. FIRST(*FT’) = {*} and ¢ is not in FIRST(*FT")

f. Considering 8 production, T'— ¢
A=T, a=¢g
- FIRSTE) = {&}.

Since ¢ is in FIRSTE), therefore, we find FOLLOW(T’) = {+, X%}

g. Considering the"production F'— (E)
A=F; a = (E)

.. FIRST((E)) = {(} ande is not in FIRST((E))

h. Considering the"8production F- i
A=F; a=I

. FIRST(i) ={i} and ¢ is not in FIRST(i)

i + * ( ) $
E E— TE E_ FE
E E - TE E -t |E ¢
T T . FT T~ FT
T T .¢ |T-*FT T ¢ |T-c¢
F Fo i F - (E)

Figure 3: Parsing table for the grammar in Examplé

We want to know if the sentence i+i*i can be forniemm the grammar above using

the parsing table above

Solution

Using Top-down parsing

Stack Input Output
$E i+i*i$
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SE'T i+i*i$ E—-TFE
SE'TF i+i*i$ T—>FT
SE'T'I i+i*i$ F—i
$SET +i*i$ pop i
$E’ +i*i$ T—¢
SE'T+ +i*i$ E'— +TE’
SE'T i*i$ pop +
$SE'TF i*i$ To FT
$E'Ti i*i$ F—i
$E'T i $ Pop i
$ETF* i $ T *FT’
SE'TF i $ pop *
SE'T'I i $ F— i
SET $ pop i
$E’ $ T—>e¢

$ $ E'—¢

Since the stack and input is empty, therefore #memnce i+i*i can be formed from
the grammar and the parsing table.

The problem with the parsing table above is tha ¢nammar must be non-left
recursive otherwise it will not be easy to condtthe above parsing table.

Self Assessment Exercise

1) Given the grammar in example 4 above and theesponding parsing table in
figure 3 above, determine whether the followingunptrings can be generated from
the grammar.

a) (i*i)* (i +1)

b)i(i+i)*i

4.0 CONCLUSION

In this unit, you have been taken through somedimwn parsing techniques such as
recursive descent parsing and predictive parsicigiigues. These two techniques like
their counterpart bottom-up techniques that yoweHasrnt about so far in this module
and be implemented by hand. The predictive parasgitie limitation that it cannot be
constructed for left-recursive grammars. In thetnext you will learn about another
type of parser that cannot be implemented by h&hese are LR parsers which are so
called because they can scan the input from lefigttt and construct a rightmost
derivation in reverse. They are efficient bottompgrsers that can be constructed for
a large class of context-free grammars.

5.0 SUMMARY

In this unit, you learnt that:
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* LL(K) grammars are those for which the left parsan be made to work
deterministically, if it is allowed to look at Kqout symbols, to the right of its
current input position

* Top-down parsingims to identify a leftmost derivation of a givieiput string
with respect to the predefined grammar. The toprdguarsing process
constructs a parse tree starting from the rootpandeeding to expand the tree
by creating children nodes till reaching the leaves

* Recursive descenis a top-down parsing strategy that operate doing
backtracking.

» Using backtracking makes the recursive descentemigefficient, and they
are only a theoretically possible alternative.

* A nonrecursive parsers an implementation of a predictive parser theggds
the symbols on a stack explicitly, without maintag them implicitly via
recursive calls

* The general definition of FIRST is FIRg®&) meaning the first k symbols in
any string that can derive.

» FOLLOW(A), for non-terminal A is the set of termisaa, that can appear
immediately to the right of A in some sententiaifioi.e. s—* adAaf

6.0 TUTOR-MARKED ASSIGNMENT

1) The grammar below is an LL(1) grammar for regebgpressions over alphabet, {
b}, with + standing for the union operator (| dahfor the symbok.

E- TE
E' - +E |¢
T FT
T 5 Tle
F - PF
F - *|e
P- (E)|a|b|€E
a) Compute FIRST and FOLLOW for each nonterminal efdbhove grammar
b) Show that the grammar is LL(1)
c) Construct the predictive parsing table for the graan
d) Construct a recursive-descent parser for the gramma
2) Consider the following grammar:
S - aSa|aa

Clearly the grammar generates all even lengthggraia's except for the empty
string
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a) By tracing through the steps of a top-down parseth(backtracking)
which tries the alternat@Sa beforeaa, show that S succeeds on 2, 4, or
8 a’s, but fail on 6a’s

b) What strings cause the parser to succeed?
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1.0

The problem with the parsing table discussed inptleeious unit is that the grammar
must be non-left recursive otherwise it will notdesy to construct the parsing table.
In this unit, you will be shown how to constructi@kent bottom-up parsers for a large
class of context-free grammars. These parsersadlezld R parsers because they can
scan the input from left-to-right and constructghtmost derivation in reverse. These
class of parsers are attractive for a variety asoms amongst which is that they can
be constructed to recognise virtually all programgnianguage constructs for which
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Summary

Tutor-Marked Assignment
References/Further Reading

INTRODUCTION

context-free grammars can be written.

Now let us go through your study objectives fos thinit.
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2.0 OBJECTIVES

At the end of this unit, you should be able to:

* Define LR(k) grammars

» State the advantages and drawbacks of LR parsers

» Construct a simple LR parser

» Distinguish among the different types of LR parsers

» Compute all the LR(0) items for a given grammar

» Construct an NFA whose states are the LR(0) itema fyiven grammar

* Define basic functions involved in the generatidnL& parsers such as
GOTO, CLOSURE, etc.

3.0 MAIN CONTENT
3.1 LR(K) GRAMMARS

These are grammars for which the right parser eam&ade to work deterministically
if it is allowed to look at k-input symbols to theft of its current input position. That
is, a context-free grammar is callé&dR grammarwhen it is elaborated to enable
scanning the input from left to right (denoted by and to produce a rightmost
derivation (denoted by R).

3.1.1 Why study LR grammars?

We study LR grammars for a variety of reasons arsowich are the following:

* LR(1) grammars are often used to construct parsdis.call these parsers
LR(1) parsers and it is everyone’s favourite parser

» virtually all context-free programming language stwacts can be expressed in
an LR(1) form

« LR grammars are the most general grammars parsekgbh deterministic,
bottom-up parser

» efficient parsers can be implemented for LR(1) grears

* LR parsers detect an error as soon as possibleeftrta-right scan of the input

LR grammars describe a proper superset of the &gegu recognized by
predictive (i.e., LL) parsers

LL (k): recognize use of a production-A B seeing firsk symbols off
LR (K): recognize occurrence ¢ (the handle) having seen all of what is
derived fromB plusk symbols of lookahead

3.2 LR Parsing

LR parsing can be generalized as arbitrary corftet-language parsing without a
performance penalty, even for LR(k) grammars. Tifibecause most programming
languages can be expressed with LR(k) grammarsyewhkeis a small constant
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(usually 1). Note that parsing of non-LR(k) grammiran order of magnitude slower
(cubic instead of quadratic in relation to the injangth).

3.2.1 Benefits of LR Parsing

LR parsing is attractive for a variety of reasomsoagst which are the following
reasons:

1) LR parsing can handle a larger range of languaws ltL parsing, and is also
better at error reporting, i.e. it detects syntaetrors when the input does not
conform to the grammar as soon as possible. Thisdaentrast to an LL(K) (or
even worse, an LL(*) parser) which may defer ewmetection to a different
branch of the grammar due to backtracking, ofterkingaerrors harder to
localize across disjunctions with long common predi

2) LR parsers can be constructed to recognize viytadllprogramming language
constructs for which context-free grammars can baem

3) It is more general than operator precedence oro#mgr common shift-reduce
techniques discussed so far in this module, yearnt be implemented with the
same degree of efficiency as these other methods.

4) LR parsing also dominates the common forms of toywsd parsing without
backtrack. That is it is the most general non-backing parsing method.

3.2.2 Drawback of LR parsing

The principal drawback of the method is that itoie much work to implement an LR

parser by hand for a typical programming languagengnar. However, an LR parser
generator is now generally available to assist. Yiead a specialised tool called an
LR parser generator. The design of one of suchbeillliscussed in this unit.

3.2.3 Techniques for Producing LR Parsing Tables.

There are three common techniques for buildingewbbr an “LR” parser. These are
itemised below with their peculiar characteristics.

1) The first method is called simple LR (SLR(1) forosf). It is easiest to
implement. Unfortunately, it may fail to produceadle for certain grammars
on which the other methods succeed. In summary, 8a® the following
characteristics:

o smallest class of grammars
o smallest tables (humber of states)
o0 simple, fast construction

2) The second method is called canonical LR (or LR(1)s the most powerful
and works on a very large class of grammars. Unfately, the canonical LR
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method can be very expensive to implement. In sumpntiae characteristics of
the LR(1) are as follows:

o full set of LR(1) grammars

o largest tables (number of states)

o0 slow, expensive and large construction

3) The third method is called lookahead LR (LALR(19r fshort). It is
intermediate in power between the SLR and the daabhR. The LALR
method works on most programming-language gramraa with some
effort, can be implemented efficiently. In summattye characteristics of the
LALR(1) are as follows:

0 intermediate sized set of grammars

o0 same number of states as SLR(1)

0 canonical construction is slow and large
0 better construction techniques exist

Note that an LR(1) parser for either Algol or Pas@es several thousand states, while
an SLR(1) or LALR(1) parser for the same languags hmave several hundred states.

In subsequent sections of this unit you will be asqal to how ambiguous grammars
can be used to simplify the description of langsaayed produce efficient parsers.

3.3 LR(K) PARSER

As you learnt earlier, LR(K) parsers are so calledause they scan the input from left
to right and construct a rightmost derivation inaese. LR parsing method is more
general than operator precedence or any otherrghifice technique. They generally
can recognize virtually all programming languagestoucts for which context-free
grammars can be written. LR parser can detect siyntrrors as soon as it is possible
to do so on a left to right scan of the input.

3.3.1 Configuration of LR Parser

Logically, an LR parser consists of two parts, iaealrroutine and a parsing table. The
driver routine is the same for all LR parsers, dhky parsing table changes from one
parser to another. The schematic form of an LRegsassshown in figure 1. As the
driver routine is simple to implement, we shall eoft consider the LR parser
construction process as one of producing the patsible for a given grammar as in
figure 1(a).

The parser has an input, a stack and a parsing. tbé input is read from left to right
one symbol at a time. The stack contains a stririgeoform:

SX151X2S; +.. XS
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Table

Grammar—> Generator |

—> Parsing Table

(a) Generating the parser

Driver

Input = _
Routine

Parsing

Table

—> Output

(b) Operation of the parser

Figure 1: Generating an LR Parser

where §, is on top; each Xis a grammar symbol and eachisSa grammar symbol

called a state. Each state symbol summarizes tfbemation contained in the stack
below it and it is used to guide the shift-redueeision. In actual implementation, the
grammar symbols need not appear on the stack. tWedm them there only to help

explain the behaviour of an LR parser.

The parsing table consist of two parts:

I A parsing action function called ACTION, and

. A go to function called GOTO

Input

at+tat+tat...+ad

.

Stack
Sm k\/ Driver Routine
(Program)
Parsing
Table

Figure 2: LR Parser

The program driving the LR parser behaves as falolvdetermines 5 the state
currently on top of the stack, and ai, the currgmut symbol. It then consults
ACTION[S,, &], the parsing action table entry for statg &d inputa;. The entry

ACTION[S;,, &] can have one of four values:

1. Shift S
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2. Reduce A—
3. Accept
4. Reject (error)

The function GOTO takes a state and grammar symba@rguments and produces a
state. It is essentially the transition the traosittable of a deterministic finite
automaton whose input symbols are the terminalsnanterminals of the grammar.

A configuration of an LR parser is a pair whosstfitomponent is the stack contents
and whose second component is the unexpended input.

(S0XS1X25 X300 XinS 8 Ajr1, Qv2 ... D)

The next move of the parser is determined by regalirthe current input symbol and
Sy, the state on top of the stack and then consuttiegparsing action table entry
ACTION[S,, a]

(ijlleZSZ ---- Xmsrm ai" a+1’ ai+21 ey an$)

Note that:
0] ACTION () will take care of parsing
(i)  GOTO() will take care of states

The configurations resulting after each of the fiypes of move are as follows:

1. If ACTION [S,, a] = Shift S, the parser executes a shift move, retgehe
configuration:
{SX1S1X2Sz ..o XinSn@S, @1 @iz -+ a$)
i.e. Shifta; to join §,and go to a new state S.
Here the parser has shifted the current input syraband the next state S =
GOTO [S,, a] onto the stacka,,; becomes the new current input symbol.

2. If ACTIONI[S,, a] = Reduce A— B, then the parser executes a reduce move

entering the configuration:
(SX1S1XoS,.... X S A S, 8, 841, iy oovy 89)

Where S = GOTO[S;, A] andr is the length off, the right side of the
production. Here the parser first pops twesymbols off the stackr (state
symbols and grammar symbols), exposing statgs.SThe parser then pushed
both A, the left side of the production, and S, ¢éméry for ACTION[S,., Al,
onto the stack. The current input symbol is notngeal in a reduce move. For
the LR parsers we shall construct, X% ... X, the sequence of grammar
symbols popped off the stack, will always mafghthe right side of the
reducing production.

3. IF ACTION[S,, a] = Accept, parsing is completed
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4. IF ACTIONI[S,, a] = Error, the parser has discovered an error andldvcall
the error recovery routine.

The LR parsing algorithm is very simple. Initiallshe LR parser is in the
configuration: (§, a; a...... a3%) where §is a designated initial states amds...a, is
the string to be parsed. Then the parser executgsswntil an accept, or error action
Is encountered. You will either accept or rejém string. All LR parsers behave in
this manner. The only difference between one LRsgrarand another is the
information in the parsing action and goto fieldshe parsing table.

3.4 Simple LR (SLR) Parser
3.4.1 Definitions
34.1.1 Viable Prefix

Suppose S>* 0Ao = afo in a rightmost derivation in grammar G. Thens a
viable prefix of G ify is a prefix ofaf. That is,y is a string which is a prefix of some
right sentential form but which does not extend plaes right end of the handle of that
right sentential form (i.ex do not contain any symbols to the right of thedian

A viable prefix is so called because it is alwagsgble to add terminal symbols to
the end of a viable prefix to obtain a right seti@nform. Therefore, there is
apparently no error as long as the portion of tipui seen to a given point can be
reduced to a viable prefix.

3.4.1.2 LR(0) Item (or Simple Item)

LR(0) item or simple item of a grammar G is a prctthn of G with a dot at some
position on the right side. Thus, if you have adwuction of the form : A~ XYZ,
then it will generate the following four items:

A— XYZ

A — XYZ

A — XY.Z

A — XYZ. are all LR(0) item.

Also the production A> € generates only one item-A .

Inside the computer, items are easily represenygaab’s of integers, the first giving
the number of the production and the second théi@o®f the dot.

We group items together into sets, which give tséhe states of an LR parser. The
items can be viewed as the states of an NFA resognviable prefixes.
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One collection of sets of items, which we call ta@onical LR(Oxollection, provides
the basis for constructing a class of LR parseltedaimple LR (SLR). To construct
the canonical LR(0) collection for a grammar, weedheo define an augmented
grammar and two functions, CLOSURE and GOTO.

3.4.1.3 Augmented Grammar

If G is a grammar with start symbol S, then G’ (awggted Grammar for G) is G with
a new start symbol S’ and new production-8’S. The purpose of this new starting
production is to indicate to the parser when itudtiostop parsing and announce
acceptance of the input. This would occur whenpidwser was about to reduce-S’

S.

Example 1:

Consider the grammarr,

G: E-E+T|T
T->TF|F
F—(E)|i

The augmented grammar for this grammar is grammaelGw:

G’ E'—>E
E-E+T|T
T->T*F|F
F—(E)|i

3414 CLOSURE

If 1 is a set of items for a grammar G, then thé sk items CLOSURE]JI] is
constructed from | by the following rules:
I Every itemin | is in CLOSURE(I]
i. If A — a.Bp is in CLOSURE][I] and B— vy is a production, then add the
item B — vy is a production, then we add the item-B.y to |, if it is not
already there.

The function CLOSURE can be computed as in therglgo below.

procedure CLOSURE(D);
begin

repeat

for each item A— a.Bp in | and each production
B — vyin G such that B» .yisnotin |
doadd B— .y tol

until no more items can be added to I;

return I;
end
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Figure 3: Computation of CLOSURE

Example 2:
Consider the augmented grammar
E'—>E
E-E+T|T
T->TF|F
F—(E)|i
| ={E'" — .E},

Find CLOSUREI]

Solution:
If I is the set of one item {[E> E]}, then CLOSURE]I] contains the items
E'— .E
E—-.E+T
E—.T
T—-.T*F
T—.F
F— .(E)
F—.i

That is, E'— .E is in CLOSURE(]) by rule (i). Since there is Bnmmediately to the
right of a dot, by rule (ii) we are forced to adhe tE productions with dots at the left
end, that is, E-> .E + T and E— .T. Now there is a T immediately to the right of a
dot, so we add - .T * F and T— .F. Next, the F to the right of a dot forces+
.(E) and F— .i to be added. No other items are put into CLOS{URby rule (ii).

3.4.15 GOTO Function

If 1 is a set of items and X is a grammar symbehtlGOTO (I, X) is defined to be the
closure of the set of all items [A aX.] such that [A— a.Xp] is in I.

Example 3:

Consider the Grammar
E—-E
E-E+T|T
T->TF|F
F—(E)|i

If I is the set of items {[E— E.], [E— E.+T]}, then GOTOJl,+] consists of
E-E+.T
T—- .T*F
T—.F
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F— .(E)

F—.i
That is, we examine | for items with + immediateythe right of the dot. E> E. Is
not such an item, but & E.+T is. We move the dot over the + to getpEE+.T] and
take the closure of this set.

l.e. | = CLOSURE (E- E+.T)
This implies that | =E> E +.T
T— . T*F
T—.F
F— .(E)
F—.i
Therefore, CLOSURE (B> E+.T) ={E-> E+ .T, T—» .T*F, T—> .F, F— .(E), F

—.i}

3.4.1.6 The Sets-of-ltem Construction

You are now ready to learn the algorithm to cortdt@ the canonical collection of
sets of LR(0) items for an augmented grammar @. CLOSURE [S'— .S]), the

algorithm is shown if figure 4 below:

procedure ITEMS (G);

begin
C:= {CLOSURE({S ‘- .S))};
repeat

for each set of items | i@ and each grammar symbol X
such that GOTO(I, X) is mobpty and is not i€
do add GOTO(l, X) taC
until no more sets of items can be adde@ to
end

Figure 4: The sets-of items construction

Example 4:
For the augmented grammar below,
) Find the canonical collection of sets of items. CeOSURE(E'— .E))
i) Represent the GOTO function for this set of itemghe transition diagram of a
deterministic finite automaton.

E'—>E
E-E+T|T
T->T*F|F
F—(E)|Ii

Solution:
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)  C=CLOSURE (E— .E)

lo: E'—.E

E>.E+T|.T

T— T*F | .F
Fo .(E)| .

Expanding I

l4: GOTO (b, E)
E - E.
E—-E.+T

lz= GOTO (b, F)

T—F.

Expanding |,

le: GOTO (h, +)
E—-E+.T
T .T*F | .F
F— (B)]|.

Expanding I,

lg: GOTO (L, E)

GOTO (L, F) =k

Expanding I

lo: GOTO (4, T)
E—-E+T.
T .T*F

Expanding I

;0 GOTO (k, F)
T— T*F.

Expanding Ig

12 GOTO (k,))
F— (E).

Expanding Iy

GOTO (b, +) = k

b: GOTO (b, T)
E—T.
T—-T.*F

. GOTO (b, ()
F— (.E)

E->.E+T|.T

T— T*F|.F
Fo (B)].i

Expanding |,

I GOTO (b, *)
F-T*.F
F— .(E) | .i

GOTO (I, T) =1

GOTO (L, i) = Is

GOTO (5F) =15

GOTO (ki) = Is

GOTO(h ()=l

GOTO (4, +) = I
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NOTE:
The final state for the given grammar G jsdince it cannot be expanded further.
Therefore 4, is the closure.

0) Q (e

Figure 5: Deterministic Finite Automaton D
3.4.2 Constructing SLR Parsing Table

In this section you will learn how to construct tB&R parsing action and GOTO
functions from the deterministic finite automatdmit recognizes viable prefix. It will
not produce uniquely-defined parsing tables forgaimmars but does succeed on
many grammars for programming languages. Giveraagrar G, we augment G to
produce G’, and from G’ we construCt the canonical collection of sets of items for
G’. We construct ACTION, the parsing action funatiand GOTO, the goto function,
from C using the following “simple” LR (SLR for short) mang table construction
technique. It requires you to know FOLLOW(A) forceanonterminal A of a grammar
as you earlier learnt in section 3.4.2.1.2 of thevjpus unit.

3.4.2.1 Algorithm for Construction of an SLR Parsng Table

Input: C, the canonical collection of sets of simple iteimsan augmented grammar
G.

Output: If possible, an LR parsing table consisting opasing action function
ACTION and a goto function, GOTO.

Method: LetC = {l, I, ..., I)}. The states of the parser are 0, 1,n,.state i being
constructed from;l The parsing actions for state i are determineflésnys:
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1. If [A = a.aB] is in | and GOTO (| a) = |; then set ACTION(ia) to “shift j”.
Herea is a terminal

2. If [A° - a.] isin [, , then set ACTION(ia) to “reduce A— «a” for all a in
FOLLOW(A). If g is in FOLLOW(A), set ACTION (i, $) to “reduce A a”.

3. If [S'— S.]isin |, then set ACTION (i, $) to “accept”

REMARK : If any conflicting actions are generated by thewe rules, then we
say the grammar is not SLR(1). The algorithm failproduce a valid parser in
this case.

The GOTO transitions for state i are constructemating to the rules:
4. If GOTO (I, A) = ; then GOTO(i, A) =j

5. All entries not defined by rules (1) through &¢ made “error”

6. The initial state of the parser is the one aqoieted from the set of items
containing [S'— .S]

The parsing table consisting of the parsing actind goto functions determined by
the algorithm in section 3.4.2.1 above is calleel 3R table for GAn LR parser
using the SLR table for G is called the SLR pafeerG, and a grammar having an
SLR parsing table is said to be SLR(1)

Example 5:
Using the augmented grammar and the correspondinguted canonical collection
of sets of items in example 4 above, construct BR($) parsing table for the

grammar.
We use S to denote states

E' - E
E-E+T
E-T
T . T*F
T-F
F - (E)
Foi

ok wbdPEO

GOTO —

State | <« ACTION —
i

S5 S4
S6 Accept

o

|
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3 r4 r4 r4 r4

4 S5 S4 8 2 3
5 ré ré ré ré

6 S5 S4 9 3
7 S5 S4 10
8 S6 S11

9 rl S7 ri ri

10 r3 r3 r3 r3

11 r5 rs rs rs

Where Sj means “shift j” and rk means “reduce k”
Example 6:

Use the SLR parsing table developed in exampleoSeto process the string:

P *i+1
Solution:
Line Stack Input

1. 0 i *i+i$
2. 0i5 *I+i$
3. OF3 *ij+i$
4, 0T2 i+i$
5. 0T2*7 +i$
6. 0T2*7i5 +i$
7. 0T2*7F10 +i$
8. 0T2 +i$
9. OE1 +i$
10. OE1+6 i $
11. OEH6I5 $
12. OE1+6F3 $
13. OE1+6T9 $
14. OE1l $
15. Accept

Self Assessment Exercise

1) Consider the grammar
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4.0

S—>AS|b
A—SA|a

a) Compute all the LR(0) items for the above grammar

b) Construct an NFA whose states are the LR(0) iteora {a)
Show that the canonical collection of LR(0) itenas the grammar is the
same as the states of the equivalent DFA.

c) Is the grammar SLR? If so, construct the SLR pagriable.

CONCLUSION

In this concluding unit of this module, you haveebdaken through the concept of LR
parsing techniques and how to develop SLR(1) pdi@eany grammar. You also
learnt how to use the generated SLR parser to psgatences derived from the
grammar. In the next module you will be taken tlgtothe code generation phase of
the compiler.

5.0 SUMMARY

In this unit, you learnt that:

6.0

1)

a)
b)

c)

A context-free grammar is callddR grammarwhen it is elaborated to enable
scanning the input from left to right (denoted Byand to produce a rightmost
derivation (denoted by R).
There are three techniques/algorithms to buildembbr an “LR” parser viz:

o SLR

o Canonical LR

o LALR
An LR parser consists of two parts, a driver roaitamd a parsing table.

The driver routine is the same for all LR parsersy the parsing table changes
from one parser to another

TUTOR-MARKED ASSIGNMENT
Consider the grammar

S—»L=R|R
L->*R|i
R—L

Compute all the LR(0) items for the above grammar

Construct an NFA whose states are the LR(0) iteoma {a)

Show that the canonical collection of LR(0) iteros the grammar is the same
as the states of the equivalent DFA.

Is the grammar SLR? If so, construct the SLR pgrt&able.
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2) Consider the following SLR(1) grammar generatingngs of balanced symbois
andb terminating at end marker:

E - Ec
E_ES|S
S_ aEb | ab

a) Develop the canonical LR(0) collection of setsteifns for this grammar
using the sets of items construction algorithm.

b) Construct the SLR parsing table

c) Use the developed parsing table to process thegstaiababb&
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Module 4: CODE GENERATION

Unit 1: Error Handling
CONTENTS
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7.0 References/Further Reading

1.0 INTRODUCTION

So far in this course you have learnt about thatflend of the compiler. In this
concluding module of the course you will be leaghmore about the back end of the
compiler namely, intermediate code generation, cageEneration and code
optimization. But this first unit will be introduty you to the concept of error
detection and recovery in compilers.

Now let us go through your study objectives fos thinit.
2.0 OBJECTIVES

At the end of this unit, you should be able to:
» Classify errors based on the stage at which theyroc
» Design a better error handling compiler for a gatdr programming
language
» Distinguish between runtime errors and compile temers
» Explain how error detection and recovery mechanina compiler can
affect the performance of an application
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3.0 MAIN CONTENT
3.1 Dealing with Errors

Even experienced programmers make mistakes, so dppyeciate any help a
compiler can provide in identifying the mistakegvite programmers may make lots
of mistakes, and may not understand the programmainguage very well, so they
need clear, precise, and jargon-free error repoHspecially in a learning
environment, the main function of a compiler igéport errors in source programs; as
an occasional side-effect you might actually getayram translated and run.

As a general rule, compiler writers should attertgptexpress error messages in
moderately plain English, rather than with refeeerio the official programming
language definition (some language definitions sm@ewhat obscure or specialized
terminology).

For example, a message "can't convert string ggert' is probably clearer than "no
coercion found".

3.2 Historical Notes

In the 1960's and much of the 1970's, batch progesas the normal way of using a
(large) mainframe computer (personal computers stdyted to become household
items in the early 1980's). It could well be seVéi@urs, or even a day, from when
you handed your deck of punched cards to a reaegtiantil you could collect the
card deck along with a printed listing of your praag, accompanied either by error
messages or by some useful results.

Under such circumstances, it was important thatpilems report as many errors as
possible, so part of the job of writing a compieas to ‘recover' from an error and
continue checking (but not translating) in the hopk finding more errors.
Unfortunately, once an error has occurred (esdgafdhe error affects a declaration),
it is quite possible for the compiler to get comfdsand produce a host of spurious
error reports.

Programmers then had the task of deciding whiabreto try and fix, and which ones
to ignore in the hope that they would vanish onadier errors were fixed. Some
compilers were particularly prone to producing spus error reports. The only useful
advice that helpdesk staff could provide was: fie first error, since the compiler
hasn't had a chance to confuse itself at that point

A significant amount of compiler development effads often devoted to attempts at
error recovery. You could try and guess what tlegyammer might have intended, or
insert some token to at least allow parsing to iooet or just give up on that
statement and skip to the next semicolon. Therlattdon could skip aend or other
significant program structure token and so getctirapiler even more confused.
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3.3 Integrated Development Environment (IDE)

Fast personal computers are now available, so BD&®Hecoming more popular, with
an editor and compiler tightly coupled and usaltenf a single graphical interface.
Many IDEs also include a debugger as well. In smages the editor is language-
sensitive, so it can supply matching brackets anstadement schemas to help reduce
the number of trivial errors. An IDE may also us#fedent colours for different
concepts within a source language, e.g. reservedsiia bold, comments in green,
constants in blue, or whatever.

This speed and tight coupling allows the compileiter to adopt a much simpler
approach to errors: the compiler just stops as s@oi finds an error, and the editor
then places the cursor at the point in the sowexevihere the error was detected and
displays some specific error message. Note thgbaireg where an error was detected
could well be some distance after the point whieeeetrror actually occurred.

There were line-mode IDEs back in 1964, many BASi|Gtems were examples of
such systems; we are going to implement sometieghis in the book section Case
study - a simple interpreter.

3.4  Compile-time Errors

During compilation it is always possible to give threcise position at which the error
was detected. This position could be shown by ptathe editor cursor at the precise
point, or (batch mode) by listing the offendingelifollowed by a line containing some
sort of flag (e.g.'|) positioned under the poimteoror, or (less conveniently) by

providing the line number and column number of fiant.

Remember that the actual position of the errod{stnct from where it was detected)
may well be at some earlier point in the program;some cases (e.g. bracket
mismatch) the compiler may be able to indicaterdweire of the earlier error.

It is important that error messages be clear, cgread relevant.
The worst counter-example that Murray Langton hasoentered was a
compiler which reported "Missing semicolon” where thctual error was an
extra space in the wrong place. To further confuséters, no indication was
given as to where in the program the error wad. tduadd insult to injury, the
source language didn't even use semicolons!

3.4.1 Errors during Lexical Analysis

There are relatively few errors which can be detkcluring lexical analysis. Some of
these are as follows:
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1) Strange characters: Some programming languages do not use all possible
characters, so any strange ones which appear cagpbeied. Note however
that almost any character is allowed within a gdatging.

2) Long quoted strings |: Many programming languages do not allow quoted
strings to extend over more than one line; in stages a missing quote can be
detected. Languages of this type often have sonyeoivautomatically joining
consecutive quoted strings together to allow failydong strings.

3) Long quoted strings II: If quoted strings can extend over multiple linesrtta
missing quote can cause quite a lot of text tsallowed up' before an error
is detected. The error will probably then be repdras somewhere in the text
of the next quoted string, which is unlikely to readense as part of a program.

4) Invalid numbers: A number such as 123.45.67 could be detected adidnv
during lexical analysis (provided the language does allow a full stop to
appear immediately after a number). Some compiléekg prefer to treat this
as two consecutive numbers 123.45 and .67 as fdexasal analysis is
concerned and leave it to the syntax analyser pmrtean error. Some
languages do not allow a number to start with & $tdp/decimal point, in
which case the lexical analyser can easily delegtsituation.

3.4.2 Errors During Syntax Analysis

During syntax analysis, the compiler is usuallyrtgyto decide what to do next on the
basis of expecting one of a small number of tokelesnce in most cases it is possible
to automatically generate a useful error message hy listing the tokens which
would be acceptable at that point.

Source: A+*B
Error: | Found ™', expect one of: ldentifi er,
Constant, ‘('

More specific hand-tailored error messages may éeded in cases of bracket
mismatch.

Source: C:=(A+B*3;

Error: | Missing ") or earlie r
surplus ‘("
3.4.3 Errors during Semantic Analysis

One of the most common errors reported during sémanalysis is "identifier not
declared"; either you have omitted a declaratiopoar have misspelt an identifier.

Other errors commonly detected during semanticyaisalelate to incompatible use
of types, e.g. attempt to assign a logical valushsastrue to a string of characters.
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Some of these errors can be quite subtle, but ap@ireasy to automatically generate
fairly precise error messages.

Source: SomeString := true;
Error. Can't assign logical value to character s tring

The extent to which such type checking is posgileleends very much on the source
language.

- PL/1 allows an amazingly wide variety of automatype conversions, SO
relatively little checking is possible.

- Pascal is much more fussy; you can't even assiggalavalue to an integer
variable without explicitly specifying whether yowant the value to be
rounded or truncated.

- Some writers have argued that type checking shbeldxtended to cover the
appropriate units as well for even more checking, & doesn't make sense to
multiply a distance by a temperature.

Other possible sources of semantic errors are pdesimmiscount and subscript
miscount. It is generally an error to declare arsutine as having 4 parameters and
then call that routine with 5 parameters (but séenguages do allow routines to have
a variable number of parameters). It is also géiyeaa error to declare an array as
having 2 subscripts and then try and access ag alement using 3 subscripts (but
some languages may allow the use of fewer subsdhph declared in order to select
a 'slice’ of the array).

3.5 Reporting the Position of Run-Time Errors

There is general agreement that run-time errord @ division by 0 should be
detected and reported. However, there is consiliexaiation as to how the location
of the error is reported.

- Some systems merely provide the hexadecimal addsésthe offending
instruction. If your compiler/linker produced a tbanap you might then be
able to do some hexadecimal arithmetic to identifych routine it is in.

- Some systems do tell you the name of the routieestior was in, and possibly
the names of all the routines which were activimatime.

. A few kind systems give you the source line numbdrich is very helpful.
Note however that extensive program optimizatiom g®ve code around and
intermingle statements, in which case line numineay only be approximate.
From the implementor's viewpoint there are seweggls in which line number
details or equivalent can be provided.

o The compiled program can contain instructions wipkdce the current
line number in some fixed place; this makes thegam longer and
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slower. Of course the compiler need only add thies&uctions for
statements which can actually cause an error.

o The compiled program can contain a table indicatimg position at
which each source line starts in the compiled cinléhe event of an
error, special code can then consult this tabledetdrmine the source
line involved. This makes the compiled code lonigetr doesn't slow it
down.

o In some unoptimized systems, it may be possibtiethuice some source
information from the compiled code, e.g. the Etli&03 Algol 60
compiler could report: "divide by 0 at second dmsafter thirdbegin
of routine 'xyz™. This doesn't affect code sizespeed, but may not
always be feasible to implement.

3.6 Run-Time Speed versus Safety

There are some potential run-time errors which maystems do not even try to
detect. The language definition may merely say thatresult of breaking a certain
language rule is undefined, i.e. you might get maremessage, or you might get the
wrong answer without any warning, or you might @ms occasions get the right
answer, or you might get a different answer evangtyou run the program, or you
might trigger off World War Il (‘'undefined' doesaian that anything could happen).

In the past there have been some computers (Bursot§00+, Elliott 4130) which
had hardware support for fast detection of somthege errors. Many current IDE's
do have a debugging option which may help detautiesof these run-time errors:

Attempt to divide by O.
Overflow (and possibly underflow) during arithmetigerations.
Attempt to use a variable before it has been sesame sensible value
(undefined variable).
Attempt to refer to a non-existent array elememiglid subscript).
Attempt to set a variable (defined as having atéohirange) to some value
outside this range.
Various errors related to pointers:
o Attempt to use a pointer before it has been sqtoiat to somewhere

useful.

o Attempt to use aiil pointer, which explicitly doesn't point anywhere
useful.

o Attempt to use a pointer which points outside thayait should point
to.

o Attempt to use a pointer after the memory it pototeas been released.

Historically, the main reason for not doing thekeaks is the effect on performance.
When FORTRAN was first developed (circa 1957), adhio compete with code
written in assembler; indeed many of the optimizieghniques used in modern
compilers were first developed and used at tha¢.tiGy was developed (circa 1971)
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initially as a replacement for assembler for useekperienced system programmers
when writing operating systems.

In both the above cases there was a justifiablsoredor not doing these checks.
Nowadays, computer hardware is very much fastaer thevas in 1957 or 1971, and
there are many more less-experienced programméisgwode, so the arguments for
avoiding checks are much weaker. Actually adding thecks on a supposedly
working program can be enlightening/surprising/emdssing; even programs which
have been 'working' for years may turn out to hegerprising number of bugs.

Hoare was responsible for an Algol 60 compiler e tearly 1960's; subscript
checking was always done. Indeed Hoare has saiHints on Programming
Language Design" that: "Carrying out checks dutegjing and then suppressing then
in production is like a sailor who wears a lifejatkvhen training on dry land and then
removes the lifejacket when going to sea."

In his book "The Psychology of Computer Programring/ienberg recounts the
following anecdote:

After months of effort, a particular application svatill not working, so a

consultant was called in from another part of tbmpany. He concluded that
the existing approach could never be made to waltally. While on his way

home he realized how it could be done. After a f@ays work he had a
demonstration program working and presented ih&driginal programming

team.

Team leader: How long does your program take wheogssing?

Consultant: About 10 seconds per case.

Team leader: But our program only takes 1 secofmdafn look smug at this
point}

Consultant: But your program doesn't work. If thegram doesn't have to
work then | can make it as fast as you like.

Wirth designed Pascal as a teaching language (&£#¢a); for many Pascal compilers
the default was to perform all safety checks. Sétascal systems had an option to
suppress the checks for some limited part of tbgnam.

When a programming language allows the use of e@rdnd pointer arithmetic for
accessing array elements, the cost of doing chiwokaccess to non-existent array
elements might be significant. Note that it canemd be done: each pointer is large
enough to contain three addresses, the first béiey one which is directly
manipulated and used by the programmer, and thez tito addresses being the lower
and upper limits on the first. This approach mayehproblems when the language
allows interconversion between integers and panter

In the case of 'undefined variables', note thaingeall variables initially to 0 is a
really bad idea (unless the language mandates this of courseh &udnitial setting
reduces program portability and may also disguesioss logic errors.
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3.6.1 Cheap detection of ‘undefined'

Murray Langton has had some success in checkinfuiolefined' in a 140,000 line
safety-critical legacy FORTRAN program. The fundataé idea is to set all global
variables to recognizably strange values whichraghly likely to produce visibly
strange results if used.

For an IBM mainframe, the strange values were:

REAL set to -9.87654E70
INTEGER set to -123456789
CHAR set to '?'

Note that the particular values used depend on ggsiem, in particular the large
number used for REAL is definitely hardware-dependé&or a machine with IEEE
floating point arithmetic (most PC's) the best ckedior REAL is NaN (not a number),
with a possible alternative being -9.87654E37

The reason for choosing large negative numericllegais that they tend to be very
obvious when printed or displayed as output, amy tend to cause numerical errors
(overflow) if used for arithmetic. Also, in FORTRANII output is in fixed-width
fields, and any output which will not fit in theefd is displayed as a field full of
asterisks instead, which is very easy to spot.

In the safety-critical example quoted above, a mogwas written which identified
all global variables (by analyzing COMMON blockgxcluded those (in BLOCK
DATA) which were explicitly initialized, and thenrate a FORTRAN routine which
set all these silly values. If any changes wereaertada COMMON block, it was a
simple matter to rerun this analysis program.

During execution, the routine which sets silly \edwses less than 0.1% of the total
CPU time. When these silly values were first usedpok several months to track
down and eliminate the resulting flood of asterisksd question marks which
appeared in the output, despite the fact that thgram had been 'working' for over
20 years.

3.6.2 How to check for 'undefined'

The basic idea is to ensure that all variabledlaggied as 'undefined’ when declared.
Some languages allow simultaneous declaration amidlization, in which case a
variable is flagged as 'defined'. Whenever a vausssigned to a variable the flag is
changed to 'defined'. Whenever a variable is usedlag is checked and an error is
reported if it is ‘'undefined'.

In the past a few lucky implementors have had hardvassistance in the form of an
extra bit attached to each word in memory (Burraug®00+). On modern byte-
addressable machines you could attach an extratdgach variable to hold the flag.
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Unfortunately, due to alignment requirements, thauld tend to double the amount
of memory needed for data (many systems requirgté-tems such as numbers to
have an address which is a multiple of 4; evenigatignment is allowed its use may
slow the program down significantly).

The simplest way of providing a flag is to use sospecific value which is
(hopefully) unlikely to appear in practice. Partanuvalues depend on the type of the
variable involved.

1) Boolean: Such variables are most likely to be allocated by of storage
with O for false and 1 for true. A value such a8 26128 is a suitable flag.

2) Character: When used for binary input/output, any value coajgear, so no
checking is possible. Hence it must be possiblgwibch off checking in such
cases.

When used as a character there are many possitprimiing characters. 127
or 128 or 255 may be suitable choices.

3) Integer: Most computer systems use two's complement repiasan for
negative numbers which gives an asymmetric range X16-bits, range is -
32768 to +32767). We can restore symmetry by usigg largest negative
number as the 'undefined' flag.

4) Real: If your hardware conforms to the IEEE standard (i3's do) you can
use NaN (not a number).

3.6.3 How to check at compile-time

You may well be thinking that all this checking r(fendefined, bad subscript, out of
range, etc.) is going to slow a program down qaitet. Things are not as bad as you
think, since a lot of the checking can actuallydmne at compile-time, as detailed
below.

First, some statistics to show you what can be done

Just adding checking to an existing compiler resuin 1800 checks being
generated for a 6000-line program.

Adding a few hundred lines to the compiler allowiedlo many checks at
compile-time, and reduced the number of run-timec&kl to just 70. The
program then ran more than 20% faster than theiorerwith all checks
included.

We have already mentioned that variables which gaven an initial value when
declared need never be checked for undefined.

The next few tests require some simple flow-contirmdlysis e.g. variables which are
only set in one branch of aifi statement become undefined again after ithe
statement, unless you can determine that a varislblefined on all possible branches.
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- Once a variable has been set (by assignment oeduing it from a file) it is
then known to be defined and need not be testedafter.

« Once a variable has been tested for 'undefinechnitbe assumed to be defined
thereafter.

If your programming language allows you to distiisubetween input and output
parameters for a routine, you can check as negessdore a call that all input
parameters are defined. Within a routine you cen @issume that all input parameters
are defined.

For discrete variables such as integers and entior@sayou can often keep track at
compile time of the maximum and minimum values whikat variable can have at
any point in the program. This is particularly eakyour source language allows
variables to be declared as having some limitedegge.g. Pascal). Of course any
assignment to such a bounded variable must be etleitkensure that the value is
within the specified range.

For many uses of a bounded variable as a subsitrgdten turns out that the known
limits on the variable are within the subscriptgarand hence need not be checked.

In a count-controlled loop you can often check thege of the control variable by
checking the loop bounds before entering the lodpchv may well reduce the
subscript checking needed within the loop.

Self Assessment Exercise

1) List out some of the run-time errors that carebeountered and how they can be
reported and handled

4.0 CONCLUSION

In this unit, you have been taken through the cpnho€ error detection and recovery
in compilers. Certain errors occur at certain stafjcompiling and the way the error
is handled depends on the type of error and at atage it was detected. In the next
unit you will be learning about another conceptt tisaparamount to error handling

which is symbol table organisation.

5.0 SUMMARY

In this unit, you learnt that:

» compiler writers should attempt to express errossages in moderately plain
English, rather than with reference to the offic@ogramming language
definition

» During compilation it is always possible to giveetprecise position at which
the error was detected

* Itis important that error messages be clear, cgread relevant
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» there is variation as to how the location of th@eof division by 0 is reported
* The extent to which type checking is possible ddperery much on the source
language
* In a count-controlled loop you can often checkrimgge of the control variable
by checking the loop bounds before entering the loo
6.0 TUTOR-MARKED ASSIGNMENT

1) Briefly itemise and describe the different segéwhich errors might occur during
compilation.

2) Outline the different ways that error of divisiby O can be reported.
3) Distinguish between run-time errors and comipites errors.

4) Briefly describe some ways to check for ‘undeéin
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The information collected in the symbol table isdiduring several stages in the
compilation process. There are also a number osvirayvhich the symbol table can
be used to aid in error detection and correctidesoApace in the symbol table can be
used for code optimization purposes.

In this unit you will learn the principal ways ofganising and accessing symbol
tables.

Now let us go through your study objectives fos thinit.
2.0 OBJECTIVES

At the end of this unit, you should be able to:
» Define symbol tables
» State their uses in the compilation process
» List item that usually entered into symbol tables
» Describe ways of organising the symbol table
» List the kind of information needed by the compiler
» Construct symbol table for block-structured progsam
» Describe collision resolution methods in hashind advantages

3.0 MAIN CONTENT
3.1 Semantic Analysis

Semantic analysis is roughly the equivalent of ke that some ordinary text
written in a natural language (e.g. English) adyusdeans something (whether or not
that is what it was intended to mean).

The purpose of semantic analysis is to check tleahawe a meaningful sequence of
tokens. Note that a sequence can be meaningfulomtitbeing correct; in most
programming languages, the phrase "l + 1" woulddresidered to be a meaningful
arithmetic expression. However, if the programnsaily meant to write "I - 1", then
it is not correct.

3.2 Symbol Tables

A compiler uses a symbol table to keep track opscand binding information about
names.

The symbol table is searched every time a nanegsuntered in the source text.
Changes to the symbol table occur if a new nameéew information about an

existing name is discovered.

A symbol table mechanism must allow us to add netries and find existing entries.

The two symbol table mechanisms are linear list$ lamsh tables. Each scheme is
evaluated on the basis of time required to addtnesnand make e inquiries. A linear
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list is the simplest to implement, but its perfonoa is poor when n and e are large.
Hashing schemes provide better performance fortgrgarogramming effort and
space overhead.

It is useful for a compiler to be able to grow #ymbol table dynamically at compile
time. If the symbol table is fixed when the compikewritten, the size must be chosen
large enough to handle any source program thattrbigipresented

For compile-timeefficiency, compilers use saymbol tablewhich associates lexical
namegsymbols) with theiattributes

The items that are usually entered into a symlipétare:
o variable names

defined constants

procedure and function names

literal constants and strings

source text labels

compiler-generated temporaries

O O0OO0O0OOo

usually separate tables are constructed for streidtyouts (types)field offsets and
lengthg

Therefore, a symbol table is a compile-time strrectu
3.2.1 Symbol Table Information/Entries

Each entry in the symbol table is for the declarabf a name. The format of entries
does have to be uniform, because the informatisacsabout a name depends on the
usage of time. Each entry can be implementedrasad consisting of a sequence of
consecutive words of memory. To keep symbol tabigies uniform, it may be
convenient for some of the information about a namde kept outside the table
entry, with only a pointer to this information sdrin the record.

Information is entered into the symbol table atioas times. Keywords are entered
initially. The lexical analyzer looks up sequencésetters and digits in the symbol
table to determine if a reserved keyword or a n&ae been collected. With this
approach, keywords must be in the symbol table rbefexical analysis begins.
Alternatively, if lexical analyzer intercepts reged keywords, they should be entered
into the symbol table with a warning of their pbésiuse as a keyword.

The symbol table entry itself can be set up whenrtile of a name becomes clear,
with the attribute values being filled in as théommnation become available. In some
cases, the entry can be initiated from the lexacallyzer as soon as a hame is seen in
the input. More often, one name may denote sewbffarent objects, even in the
same block or procedure.
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For example, the C declarations
int X;
struct x {float y, z;};

use x as both an integer and as the tag of a steuatith two fields. In such cases, the

lexical analyzer can only return to the parserrihee itself rather than a pointer to

the symbol table entry. The record in the symbbld is created when the syntactic

role played by the name is discovered. Attribatea name are entered in response to
declarations. Labels are identifiers followed bgadon, so one action associated with

recognizing such an identifier may be to enter filacs into symbol table.

The compiler usually needs the following kind dioirmation:
textual name

data type

dimension informationf¢r aggregatep
declaring procedure

lexical level of declaration

storage clasdése addregs

offset in storage

if record, pointer to structure table

if parameter, by-reference or by-value?
can it be aliased? to what other names?
number and type of arguments to functions

O O0OO0OO0OO0O0O0O0OO0OO0OO0o

3.2.2 Symbol Table Organization

Symbol tables may be implemented using linear, Ilstsh-tables and various sorts of
tree structures. An issue is the speed with whickrdry can be added or accessed. A
linear list is slow to access but simple to impleme\ hash table is fast but more
complex. Tree structures give intermediate perfoiea In summary, each of these
structures has the following characteristics:

Linear List
0 O(n) probes per lookup
0 easy to expand — no fixed size
0 one allocation per insertion

Ordered Linear List
0 O(log2n) probes per lookup using binary search
0 insertion is expensive (to reorganize list)

Binary Tree
o O(n) probes per lookup, if the tree is unbalanced
0 O(log2n) probes per lookup, if the tree is balanced
0 easy to expand with no fixed size
o0 one allocation per insertion
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Hash Table
0 O(1) probes per lookup on the average
0 expansion costs vary with specific scheme

In the abstract, a symbol table is merely a talith two fields, a name field and an
information field. We require several capabilitefsthe symbol table. We need to be
able to :

I) determine whether a given name is in the table,

i) add a name to the table,

i) access the information associated with a givenenamd
iv) add new information for a given name,

v) delete a name or group of names from the table.

in a compiler, the names in the symbol table denbject of various sorts. There may
be separate tables for variable names, labelsegure names, constants, field names
(for structures) and other types of names depenaiindpe programming language.

3.2.3 Attribute information

Attributes are internal representation of declarati Symbol table associates names
with attributes. Names may have different attrisigach as below depending on their
meaning:

1) Variables: type, procedure level, frame offset

i) Types type descriptor, data size/alignment

iii) Constants type, value

Iv) Procedures formals (names/types), result type, block infotiora

(local declarations), frame size

3.2.4 Characters in a Name

There is a distinction between the token id foridentifier or name, the lexeme
consisting of the character string forming the naared the attributes of the name.
The lexeme is needed when a symbol table entrgtiss for the first time and when
we look up a lexeme found in the input to determafeether it is a hame that has
already appeared. A common representation of &nam pointer to a symbol table
entry for it.

If there is a modest upper bound on the length name, then the characters in the
name can be stored in the symbol table entry asrsho figure. If there is no limit
on the length of a name the indirect scheme canskd. Rather than allocating in
each symbol table entry the maximum possible amoiirspace to hold a lexeme,
utilize space more efficiently if there is only spafor a pointer in the symbol table
entry. In the record for a name, a pointer is @tato a separate array of characters
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giving the position of the first character of tlexéme. The indirect scheme permits
the size of the name field of the symbol tableentgelf to remain a constant.

The complete lexeme constituting a name must bbedto ensure that all uses of the
same name can be associated with the symbol tdtxed.

Name Attributes
S olr |t

a

r elaldalr|r|jalyY

i

In fixed size space within a record.

3.3 Table Organisation

General form of symbol table organization is atofes:

Argument| Value

Entry 1
Entry 2

Figure 1. General form of symbol table organization

Arguments are the symbols or identifiers while ealare the attributes obtained from
declaration and usage on the symbols. Arguments bearstored by letting the
argument portion of the symbol table contain paste the actual symbols stored in
the string space. The argument portion may alséagonhe length of the symbol in
the string space.

Two ways to implement tables are :
I.  One-table for all entries
ii. One-table for each entry i.e. if k-entries, iietables

A sorted table is searched using binary searchthedaverage search number of
comparisons is nlgg. An unsorted table requires on the aver%gemparisons.

3.3.1 Storage Allocation Information
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Information about the storage locations that walldound to names at run time is kept
in the

Symbol table If machine code is to be generatethbycompiler, then the position of
each data object relative to a fixed origin, sushtl@e beginning of an activation
record must be ascertained. The same remark applia block of data loaded as a
module separate from the program. For examp@VIMON blocks in FORTRAN
are loaded separately, and the positions of namlasive to the beginning of the
COMMON block in which they lie must be determined.

3.3.2 The List Data Structure for Symbol Tables

The simplest and easiest to implement data streid¢tura symbol table is a linear list

of records. Arrays are used to store their nanmek their associated information.

New names are added to the list in the order inclwliney are encountered. The
position of the end of the array is marked by tbenfer available, pointing to where

the next symbol table entry will go. The searchdmame proceeds backwards from
the end of the array to the beginning. @ When thena is located, associated
information can be found in the words following hexf we reach the beginning of

the array without finding the name, a fault occuas- expected name is not in the
table.

Making for an entry for a name and looking up tleme in the symbol table are
independent operations. In a block-structureddage, an occurrence of a name is in
the scope of the most closely nested declaratiothefname. This scope can be
implemented by making a fresh entry for a name yevene it is declared. A new
entry is made in the words immediately following thointer available; that pointer is
increased by the size of the symbol table recomteSentries are inserted in order,
starting from the beginning of the array, they appe the order they are created in.

........... available

Figure 2:A linear list of records
If the symbol table contains names the work necessary to insert a new name is

constant if we do the insertion without checkingste the name is already in the
table. If multiple entries for names are not alloweok the entire table before
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discovering that a name is not in the table. Insest and inquiries take time
proportional tan, names and m inquiries is at most (n + e),c is a constant.

3.3.3 Hash Addressing

This is a method for converting symbols into indicé n-entries in the symbol table
with fixed size. Collision occurs when two or m@gmbols hashed into the same
index.

3.3.31 Hash tables

Variation of the searching technique is known ashing. Open hashing refers to the
property that there need be no limit on the nundfexntries that can be in the table.
This scheme gives the capability of performing euernes onn names in time
proportional ton (n + €)/m Sincem can be made large up to n this is more efficient
than linear list. In the basic hashing schemeagthee two parts to the data structure:

1. A hash table consisting of a fixed array of m peistto table entries.

2. Table entries organized into m separate linked,Istlled buckets. Each record
in the symbol table appears on exactly one of thstse Storage for the records
may be drawn from an array of records. The dynastazage allocations
facilities of the implementation language can beduto obtain space for the
records.

To determine whether there is an entry for string e symbol table, apply a hash
function h to s, such thath(s) returns an integer between O amel. If s is in the
symbol table, then it is on the list numbergd). If s is not in the symbol table, it is
entered by creating a record for s that is linketha front of the list numberdd (s)
The average list is/m record long if there ara names in a table of size. By
choosing m so that/mis bounded by a small constant the time to acaeable entry
Is constant. This space taken by the symbol tatnesistsm words for the hash table
and cn words for the table entries, whetas the number of words per table entry.
Thus the space for the hash table depends oniy and the space for table entries
depends only on the number of entries.

The choice oim depends on the intended application for a synddalet One suitable
approach for computing hash functions is to pro@setbllows:

1. Determine a positive integérfrom the charactersl, c2, ..., ckn strings. The
conversion of single characters to integers is lisusupported by the
implementation language.

2. Convert the integen determined above into the no. of the list. Divimem
and take the reminder.
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A technique for computindp is to add up the integer values of the charadters
string. Multiply the old value oh by a constant @ before adding in the next
character. That is, h0=0, hi=@ hi-1+ci

(2) #define PRIME 211
(2) #define EOS \0’

3) int hashpjw(s)

(4) char *s;

(5) {

(6) char *p;

(7) unsigned h=0, g;

(8) for( p=0;*p '=EQCS; p=p+1){
(9) h=(h << 4)+(*p)’

(20) if(g= h@0xfO000000){
(12) h=h"(g >>24);

(12) h=h"g;

(13) }

(14) }

(15) return h % PRIME;
(16) }

In the hash functiorhashpjw the sizes included the first primes larger than
100,200,...,1500. A close second was the functi@t tomputed the old value by
6559,i gnoring overflows, adding in the next chégad-unctiorhashpjwis computed
by starting with h=0. For each charaateshift bits ofh left 4 positions and add

If any of four high-order bits of h is 1, shift uUpbbits right 24 positions , exclusively-
or them intah, and reset to 0 any of the high order bits thag tva

pThe sim

3.3.4 Collision Resolution

Two ways of resolving collision are
I.  Re-hashing
ii.  Chaining

3.34.1 Re-Hashing

Suppose we hash a symlsdb h and find that a different symbol already occupres
entry h. Then a collision has occurred. We then comgaagainst an entry +
p.(modulo the table size) for some integerlpa collision occurs again, we compare
with an entryh + p, (modulo the table size) for some integer p

This continues untih = h + p (modulo table size) is empty, contaie®r is again
entryh. In other words jp= 0.
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In the latter case, we stop the program becauseltihe is full.
If {P;} is the set if natural numbers then it is a linegltash otherwise it is non-linear.

3.34.2 Chaining
Suppose we hash a symlsdb h and find that a different symbol already occupres
entryh, a collision has occurred.

Chaining method uses a hash table called buckaffiged size as the symbol table. It
is a table of pointers to the elements of the syrtddile and points to nothing initially.
Another pointer points to the last symbol enterdgd the symbol table. Symbols hash
to buckets of the hash table. Each bucket pomtsiltor to the first element in the
symbol table that hashes to it.

Symbols are entered in first-come-first-served F@kehner in the symbol table. The
symbol table has an additional pointer field usedhain entries which hash to the
same bucket.

Bucket is a table of pointers

Bucket Symbol Table
PTR

1 11 S NIL
2 2| S
3 3
K i S
R

Sn NIL
n n

Figure 3: Chaining
If s, S, sy hash into K, the chain is as above.

3.3.5 Representing Scope Information
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The entries in the symbol table are for declaratioihnames. When an occurrence of a
name in the source text is looked up in the synidale, the entry for the appropriate
declaration of that name must be returned.

A simple approach is to maintain a separate syrtdiné for each scope. Information
for the nonlocals of a procedure is found by saagrthe symbol tables for the
existing program. With this approach the symbolldais integrated into the
intermediate representation of the input. Most @lpsested scope rules can be
implemented by adapting the data structures. We keek of the local names of the
procedure by giving each procedure a unique nunitiex.number of each procedure
can be computed in a syntax directed manner framaséc rules that recognize the
beginning and ending of each procedure. The praeedumber is made a part of all
locals declared in the procedure.

When we look up a newly scanned name,a match occuysif the characters of the
name match an entry character for character,andgbeciated number in the symbol
table entry is the number of the procedure whicpri@cessed. Most closely nested
scope rules can be implemented in terms of thevatig operations on a name:

Lookup : find the most recently created entry
Insert : make a new entry
Delete : remove the most recently createdyent

Deleted entries must be preserved, they are justved from the active symbol table.
In a one-pass compiler ,information in the symlabllé about a scope consisting of a
procedure body ,is not needed at compile time affterprocedure body is processed.
However ,it may be needed at run time. In this g#se information in the symbol
table must be added to the generated code fobygée linker .

When a linear list consisting of an array of resovdas described, it was said that
lookup can be implemented by inserting entriesret end .A scan starting from the

end and proceeding to the beginning of an arragsfthe most recently created entry
for the name. A pointer front points to the mostergly created entry in the list. The

implementation of the insert takes constant timeabsee a new entry is created at the
front of the list. The implementation of the lookigpdone by scanning the list starting

from entry pointed by front and following linkstilrthe desired one is found.

A hash table consists oh lists accessed through an array. For implemenineg
delete operation, we would rather not have to siearentire hash table.Suppose each
entry has two links

1. A hash link that chains the entry to otbetries whose names hash to the same

value
2. A scope link that chains all entries in sagne scope
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Deletion of entries from the hash table must beedeith the care, because deletion
of an affects the previous one on its list. Whendegtete the i-T entry points to i+1
entry.

The i-I entry can be found if the hash links from a ciacuink list. We can use a
stack to keep track of the lists containing enttebe deleted. A marker is placed in
the stack when a new procedure is scanned. Whdmisike processing the procedure,
the list numbers can be popped from the stack timilmarker for the procedure is
reached.

3.3.6 Implementation of Block Structured Languages

Languages with block structure such as ALGOL presemtain complexities not

found in C. First, in a block-structured languaget only procedures, but blocks as
well, may define their own data. Thus activatiomargls or portions of activation

records must be reserved for blocks. Second, namgulages, ALGOL, for example,

permit arrays of adjustable length. Third, the dafarencing environment of a
procedure or block includes all procedures anddsietirrounding it in the program.

Consider the code segment below:

1/ begin

real a, B, C, D;

— bégin real E, F;
2 LI:

~ end
~~ begin
3 real G, H;

L2 : begin
4 [ real A ;

end

L3:
K ~ end
end

Figure 4: Block Structured Program

The symbol table for this block structure can brarsged as in Figure 5 below:
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Temporary

Symbol
Table
. Permanent
Block Surrounding  No. of Symbol
No. block No Entries Pointer Table
% 2 ;1 — E, F, L1
E,F L1
3 1 7 /ﬁu
EE 1 — A |
—— 3 A
L2, L3
H \
G L2,L3,H, G
D
C
B AB,C,D
A

Figure 5: Symbol Table for the Block Structured Pgoam

The way to build the symbol table is to construdblack list consisting of block
numbers, surrounding block numbers, Number of entand Pointers.

Symbols are entered into the table in the ordevhich their blocks closed. A block
list containing entries, surrounding block numbensmber of entries and pointers is
used to implement this (symbol table) on a stack.

The rule for finding the current declaration copesding to the use of an
identifier/symbol is first to look in the currentolok (the one in which the identifier is
used), then the surrounding block and so on untkeearation of that identifier is
found.

Temporary locations may be reserved for identifeeslared whose blocks have not
been closed and then transferred into the main sltable when their blocks have
closed. We number the blocks in the manner thep.ope

3.4 Parameter Passing

Called Procedure Calling Procedure
~ AP P, P;, ..., R) N
Objeat Program
COde Ml! a21 a3’ ey aI)
(.
J
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Data
Area
Data
Area

~—

Figure 6: Actual-Formal Parameter Correspondence

A(Py, P, Ps, ..., B) are called formal parameters
A(ay, &, &, ..., g) are called actual parameters

3.4.1 Call by Reference

It is the easiest to implement. At run time prioithie call in the calling procedure, the
actual parameter is processed. If it is not a Wéi@r constant, it is evaluated and
stored into a temporary location. The addres$i@ivariable or constant or temporary
variable is passed to the called procedure. THecc@irocedure uses this address to
refer to the parameter.

3.4.2 Call by Value

The called procedure in this type of corresponddrasea location allocated in its data
area for a value of the type of the formal paraméike calling procedure calculates
and passes the address containing the value @ictbhal parameter. Before execution
the called procedures takes the value from theesddand puts it in its own location
and uses this location for further reference topdw@meter. There is no way the called
procedure can change the value of the actual paeame. Here the calling procedure
passes the value @, &, &, ..., § to the called procedure and when the called
procedure finish running the result of, P, P;, ..., By will not be stored i, &, as,

..., & In the calling procedure.

3.4.3 Call by Result

This is similar to the call by value but no initadtion. But when the called
procedures finishes, the final value of the paramet stored at the address of the
actual parameter. i.e. Initially, the calling prdoee does not pass anything to the

called procedure, but when the called procedurnstfes, the results,PP, P, ..., B,
will be stored iy, &, &, ..., &.

3.4.4 Call by Value Result
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A parameter can be stored as both value and rekuthis case, the local location of
the formal parameters is initialized to the valoatained in the address of the actual
parameter and the called procedure returns thét stk to the actual parameter.

3.4.5 Call by Name

This call implementation requires a textual substn of the formal parameter name
by the actual parameter. It is implemented by usaangoutine called THUNK to
evaluate the actual parameter at each referenceetunths its address. i.e. Here, the
called procedure will be recompiled substitutmgay, as, ..., @ for the parameters,P
P,, P;, ..., B, (the name without the address or the value).

Self Assessment Exercise

1) Compare rehashing and chaining method of collisgsolution.
2) Describe each of the following parameter passinthate

) Call by value

1)) Call by reference
1)) Call by name

iv)  Call by value result

40 CONCLUSION

In this unit, you have been taken through symbioletand how it can be constructed
for a block structured language. As you have le@rtiis unit, symbol table is a very
important feature of all compilers and it is made of at all phases of compilation. In
the next unit you will learn about how codes areagated.

5.0 SUMMARY

In this unit, you learnt that:

* Semantic analysis is roughly the equivalent of Ehmggthat some ordinary text
written in a natural language actually means somegth

 The purpose of semantic analysis is to check thathave a meaningful
sequence of tokens

* A symbol table contains the environmental informaticoncerning the
attributes of various programming language congdruc

* Symbol tables may be implemented using linear, lisésh-tables and various
sorts of tree structures

* In block-structured implementation, symbols areeesd into the table in the
order in which their blocks closed

» Parameters can be passed by value, by resultfdrgnee, etc.
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6.0 TUTOR-MARKED ASSIGNMENT

1) Suppose we have a hash table with 10 locatiodsvee wish to enter “names”
which are integers, using the hash function h(i)reod 10, that is, the remainder
when i is divided by 10. Show the links createdhi@ hash and storage tables if the
first 2, 3, 5, ..., 29 are entered in that ordes.yAu hash more primes into the table,
do you expect them to distribute randomly amongendist> why or why not?

2) Compare the performance of linear list struatusgmbol table and tree structured
symbol table.
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Module 4: CODE GENERATION

Unit 3: Intermediate Code Generation
CONTENTS

1.0 Introduction
2.0 Objectives
3.0 Main Content
3.1 Machine Independent Languages
3.1.1 Intermediate Code Generator
3.2 Intermediate Languages/Representation
3.2.1 Graphical Representations
3.2.2 Three-Address Code
3.221 Types of Three-Address Statements
3.2.3 Stack-based representation
3.3  Conversion algorithms
3.4 Intermediate Code Generation for DeclarationExpressions,
Commands, and Procedures
3.4.1 Intermediate Code Generation for Declarations
3.4.2 Intermediate Code Generation for Assignmégieghents
3.4.4. Intermediate Code Generation for Commands
3.4.5 Generating Intermediate Code for a Simplgrm
4.0 Conclusion
5.0 Summary
6.0 Tutor-Marked Assignment
7.0 References/Further Reading

1.0 INTRODUCTION

Having learnt about symbol tables in the previoosd, you will be taken further

into code generation in this unit. Code generapibase of the compiler starts with
intermediate code generation. In this unit you Vahlrn specifically about three-
address code which is the most popular type of rnmediate language
representation.

Now let us go through your study objectives fos thinit.
2.0 OBJECTIVES

At the end of this unit, you should be able to:
» Define intermediate representation
» Define three-address code
» State with examples types of three-address code
» Describe stack-based implementation of intermedegieesentation
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» convert representations like three-address cotieetetack-based code
* convert representations stack-based code to tlidess code

* generate intermediate code for Declarations, Espyas, Commands, and
Procedures

3.0 MAIN CONTENT
3.1 Machine Independent Languages

The front part of the compiler usually translatbe source code program in&m
intermediate language representatiomhich after that is converted into a machine
code for the concrete target computer.

Using an intermediate language representationlemie properties:
1) the compiler becomagtargetableand can be ported easily, with a little
effort to another computer;
i) the compiler becomesptimizableand can be considerably improved.

3.1.1 Intermediate Code Generator

The data structure passed between the analysiswritiesis phases is called the
intermediate representation (IR) of the program. A well designed intermediate
representation facilitates the independence ofateysis and syntheses (front- and
back-end) phases. Intermediate representationdmay

» assembly language like or
* be an abstract syntax tree.

In Intermediate code generation we use syntax idemethods to translate the source
program into an intermediate form programming lagg constructs such as
declarations, assignments and flow-of-control statets.

) intermediate ) ) coda
arser static code intermediate
i checker generation code genetator z

3.2 Intermediate Languages/ Representations

There are three types of intermediate representatio
13.Syntax Trees
14.Postfix notation
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15.Three Address Code

Semantic rules for generating three-address coden fcommon programming
language constructs are similar to those for canstrg syntax trees of for generating
postfix notation.

3.2.1 Graphical Representations

A syntax tree depicts the natural hierarchicalcitme of a source program. A DAG
(Directed Acyclic Graph) gives the same informatiout in a more compact way
because common sub-expressions are identified. Maxsytree for the assignment
statement a:=b*-c+b*-c appear in figure 1 below.

assign

/N
BN
/N a/\

uminus uminus

Figure 1: A syntax tree for the assignment statemear=b*-c+b*-c

Postfix notation is a linearized representatiora &fyntax tree; it is a list of the nodes
of the in which a node appears immediately afgecitildren. The postfix notation for
the syntax tree in figure 1 is:

ab cuminus + b cuminus * + assign

The edges in a syntax tree do not appear explicitiyostfix notation. They can be
recovered in the order in which the nodes appedrthe no. of operands that the
operator at a node expects. The recovery of edgsmilar to the evaluation, using a
staff, of an expression in postfix notation.

Syntax tree for assignment statements are prodogdde syntax directed definition
in Figure 2 below

| Production | Semantic Rule
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S - id := E | Snptr:= mknode( ‘assign’, mkleaiff, id.place), Enptr)

E - E1 + E2| E.nptr:= mknode(‘+’, E1lnptr ,E2nptr)

E - E1* E2| E.nptr:= mknode(*’, Elnptr ,E2nptr)

E--El1 E.nptr:= mkunode(‘'uminus’, Ehptr)

E - (E1) |Enptr:=ELlnptr

E-id E.nptr:= mkleaf(d, id.place)

Figure 2: Syntax Directed Definition

This same syntax-directed definition will producketdag if the functions
mkunode(op, child) andmknode(op, left, right) return a pointer to
an existing node whenever possible, instead oftnactsng new nodes. The token id
has an attribute place that points to the symiaktantry for the identifier id.name,
representing the lexeme associated with that oecoer of id. If the lexical analyzer
holds all lexemes in a single array of charactdren attribute name might be the
index of the first character of the lexeme. Tworesgntations of the syntax tree in
Figure 1 appear in Figure 3. Each node is repredess a record with a field for its
operator and additional fields for pointers to dtsldren. In Figure 3(b), nodes are
allocated from an array of records and the indegasmition of the node serves as the
pointer to the node. All the nodes in the syntaetcan be visited by following
pointers, starting from the root at position 10.

| azzigh ‘ | |

EXN
‘ utninns ‘ | | ‘
l | uminus | |
E
o |- |

Figure 3(a): Two representations of the syntax tree

0 id b

174



1 id c

2 | uminus| 1

6 | uminus| 5

7 * 416

8 + 3|7

9 id a

10| assign | 98

11 ......

Figure 3(b): Two representations of the syntax tree

The form of the internal representation among dffie compilers varies widely. If the
back end is called as a subroutine by the frontteed the intermediate representation
is likely to be some form of annotated parse tpassibly with supplementary tables.
If the back end operates as a separate progranthbdntermediate representation is
likely to be some low-level pseudo assembly languag some register transfer
language (it could be just numbers, but debuggireasier if it is human-readable).

A popular intermediate language is the so calede-address code

3.2.2 Three-Address Code

Three-address code a sequence of statements of the general form:
X:=yopz

where:x,y,z  are names, constants or compiler-generated temes,

op stands for an operator, such as a fixed or flggpaint arithmetic operator,
or a logical operator on a Boolean-valued dataeNleat no built-up arithmetic
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expressions are permitted, as there is only oneatgreon the right side of a
statement.

Example 1:

An expression of the kin&k +y * z will be translated into the sequence
t, =y *z
I, =x +1,

where t and § are compiler-generated temporary hames.

This unravelling of complicated arithmetic expressi and of nested flow-of-control
statements makes three-address code desirableafgettcode generation and
optimization. The use of names for the intermediatieies computed by a program
allow- three-address code to be easily rearrangedlike postfix notation. Three-
address code is a linearized representation ohtasyree or a dag in which explicit
names correspond to the interior nodes of the graph

The syntax tree and dag in Figure 1 are represebjedhe three-address code
sequences in Figure 4. Variable names can appeatlgiin three-address statements,
so Figure 4(a) has no statements correspondirgetieéves in Figure 3.

TR TR
6 oo

*

I

.

—~ T
*
—
w

L0 WN P
N
+
(o
I

mr—?:—r:—rr—?:—r

I
—+
6]

Figure 4(a): Three-address Code for syntax tree

Figure 4(b): Three-address Code for DAG
The reason for the term "three-address code” is éhah statement usually contains
three addresses, two for the operands and onbdaesult. In the implementations of

three-address code given later in this sectiompgrammer-defined name is replaced
by a pointer to a symbol-table entry for that name.

3.221 Types of Three-Address Statements
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Three-address statements are akin to assembly &baiments can have symbolic
labels and there are statements for flow of con#osymbolic label represents the
index of a three-address statement in the arraglinplinter- mediate code. Actual
indices can be substituted for the labels eithemlking a separate pass, or by using
"back patching,”. Here are the most common thregdregb statements and they are the
ones used in the remainder of this course material:

1) Assignment statemera$the form: x :=y opz
whereop is a binary arithmetic or logical operation;

2) Assignment statemerd§the form: x :=opy
whereop is a unary operation. Essential unary operationkide unary minus,
logical negation, and shift operators;

3) Copy statementsf the form:xx =y
where the value of is assigned t®;

4) Theunconditional jumpgoto L . The three-address statement with ldbe the
next to be executed;

5) Conditional jumpssuch as:if x rel opygotoL
This instruction applies a relational operator <>, <=, etc.) tax andy, and
executes the statement with lalhehext if x stands in relatiarel op toy. If
not, the three-address statement following if ope} goto L is executed next, as
in the usual sequence.;

6) Procedure calls call p, n andreturned valuesrom functions:
return y

Their typical use is the following:

param X i
paramXx
param X

call p,

> >

generated as part of a call of the functigfx 1, X ,,... x ). The integer n
indicating the number of actual parameters in "palh” is not redundant because
calls can be nested;

7) Indexed assignmentd the form:x :=y[i] and x[i]] :=y.
The first one setg to the value in the location memory units beyong. The
statemeni[i] :=y sets the contents of the locationunits beyondx to the
value ofy. In both these instructiong, y , andi refer to data objects;
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8) Address and pointer assignmemts:= &y and x := *y. The first of these sets
the value of x to be the location of y. Presumabiy a name, perhaps a temporary,
that denotes an expression with an I-value sudiag, and x is a pointer name or
temporary. That is, the r-value of x is the |-va(lexation) of some object!. In the
statement x: = ~y, presumably y is a pointer oermporary whose r- value is a
location. The r-value of x is made equal to thetents of that location. Finally, +x:
=y sets the r-value of the object pointed to kg the r-value of y.

The choice of allowable operators is an importessgué in the design of an
intermediate form. The operator set must clearlyribe enough to implement the
operations in the source language. A small opersgbiis easier to implement on a
new target machine. However, a restricted instoncet may force the front end to
generate long sequences of statements for someesdanguage operations. The
optimizer and code generator may then have to warkler if good code is to be
generated

3.2.3 Stack-Based Representation

In this unit, we discuss the stack-based representaf intermediate code. It has a
number of advantages, some of which are:

- An interpreter for the stack-based language tendbet more compact and
straightforward.
- A syntax of the language tends to be simple.

But the representation also has the following disatages, which make it unsuitable
for manipulating and improving code:

« Itis not trivial to change the order of instructso
. Little research has been done to the stack-basis co

Complications with the stack-based code arise oftiéim control flows.

3.3  Conversion algorithms

It is usually trivial to convert representationkelithree-address code to the stack-
based code, so the case is left as an exercigs. the inverse of this that is a
challenging problem.

The main task behind the algorithm converting tteclsbased code is to identify
dependencies among operations. And it is conditiand unconditional jumps that
make hard to figure these dependencies. So thewitideut them can be transformed
into the three-address code in a straightforwarg, as follows:

push 2
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push 3
push 4
add
mul

We can see each stack position has a correspotetmgprary variable. Put in another
way, store andload are done only bypushandpop, respectively, and a temporary
variable that can be accessed at a time is linidexhly the top as opposed to a usual
case in which variables are specified freely.

s0=2
s1=3
s2=4
sl =sl1l+s2
s0=s0*sl

When a variable is typed, it may be beneficialdo@ SSA form. This dispenses with
the need to analyze what type each variable hdl@dgsmaoment, which, as illustrated
below, can be quite tricky. The adaptation can beedafter the conversion or
simultaneously as the code is being converted.

Now, suppose the execution may not go from topottom. In that case, we basically
have to analyze the control flow before translating code. More specifically, we
calculate how each instruction contributes to tlptkl of the stack. For example,

ébto A /I unconditionally jump to label A

A /lalabel
add // push the sum of two values popped from the stack.

As we can see, at label A, the status of the stigends on the operation before
instruction "goto A".

One conservative approach is to annotate the lmde-before converting it. The basic
idea is that when we interpret the code, we knott dhere we are and how tall the
stack is. So by pretending as if we were evaluatitegcode, we can calculate the
height of the stack for each position. An algoritfonthis would be like (Note that in
actual writing you have to arrange the code soithvaitl terminate.):

pr ocedur e eval(start, depth)

{

for i fromstart t o code.length

{
depth_at[i] = depth
case code[i]
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'‘push’: depth = depth + 1

'‘pop": depth =depth - 1

‘goto’: i = code([i].target

'Iif_so_goto": eval(code[i].target, depth)

=
}
}

eval(0, 0) // start the calculation

Coding the above solution may be tedious in practspecially when a number of

instructions in the language is large. Java byteds a notable example of this. So a
radical alternative below is to convert the staekddl code not in the usual sequential
way but per basic block (i.e., a block that hasjuraps). To see this, consider the

following:

0 (A): push 10

1 (A): push 13

2 (A): less_than // pop < pop

3 (A): if_not_goto 6

4 (B): push '10 < 13

5 (B): goto 7

6 (C): push 'it is not 10 < 13; your computer is
broken!

7 (C): print

In the above we can identify three basic blocks: first (A) from line 0 to 3, the
second (B) from line 4 to 5 and the third (C) frone6 to 7. We first compile A, then
we know the height of the stack with which eitheoBC begins. After each block is
compiled, we output blocks in the order they apjedne source code.

If you are an astute reader/learner, you wouldceotinat throughout this section we
are assuming the depth of the stack is fixed &b @astruction position and thus can
be determined at compiler time. If the assumptioesthot hold, then we have to have
some kind of stack at runtime.

Self Assessment Exercises

1. Write the stack-based code for each of followinghRlievel expressions:
o 10* (20 + 30);
o Ifa<bthen-aelse -b;
o casea% 3{0:x;1:y;2:z;}
2. Write a piece of stack-based code so that the dpitie stack may vary after
the piece, depending on an execution path.
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3.4 Intermediate

Code

Generation for Declaratios, Expressions,

Commands, and Procedures

3.4.1 Intermediate Code Generation for Declarations

P
D
D

-

—

D

D;

id :

D

T

integer

real

{offset:=0}

{ ente(id.name T .type offse}
offset:= offset+ T.width }

{ T.type:=integer

Twidth:= 4}
{ T.type:=real
Twidth:= 8 }

array [num] of T1 { T.type:= array(0..num.val, T1.typg

Twidth := num.valx T1.width}

Translation scheme for processing declarationgsted functions

P

M -

M D

D - func id;

ND;; S

D- id:T

N -

{addwidth{top(tblptr), top(offset);

pop(tblptr);
pofoffset)}

{t := mktabl€nil)) ;
pusHt, tblptr);
pus(O, offset)}

{t := top(tblptr) ;
addwidtH(t, top(offset);
pop(tblptr);
pofoffset)
enterfun¢top(tblptr), id.name, t)}

{ enteltop(tblptr), id.name,T.type top(offset))
top(offset).= top(offset)+ T.width }

{ t:= mktabldtop(tblptr)) ;
pusHt, tblptr);
pus(D, offset) }

3.4.2 Intermediate Code Generation for Assignmentt&tements
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3.4.3

E - B+BE
E - Bu* B2
E - -F

E - (Ep

S - id

{ p :=lookugid.name);
if p#nil thenemii(p =" E.place)
elseerror }

{ E.place:= newtemp
emii(E.place‘:=* E1.place’'+ Eg.place}

{ E.place:= newtemp
emiiE.place’:=' E1.place *' E 2.place}

{ E.place:= newtemp
emii(E.place":="-" E 1.place}

{ E.place:= Ej.placg

{ p :=lookug(id.name);
if p# nil then Eplace:=p
elseerror }

Intermediate Code Generation for Boolean Ex@ssions

- ErorEp

- Ejand Ep

- hot Ep

- (ED

o id1 relop id»

- true

{ E.place:= newtemp
emii(E.place‘:=* E1.place‘or’ Ep.place}

{ E.place:= newtemp
emii(E.place:='E 1.place‘and’Ea.place}

{ E.place:= newtemp
emif(E.place":="' ‘not’ E 1.place}

{ E.place:= Ej.placg

{ E.place:= newtemp

emit(‘if id,.placerelop id,.place goto’ nextstat
+3);

emif{E place='0) ;

emif‘ goto’ nextstat+ 2) ;

emi{E.place='1") }

{ E.place:= newtemp
emi(E.place’="'1") }
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Example 2:a or b and not ¢

t1:=notc
t o:=bandt 1
t g3:=aort 2
Example 3:a<b
100: if (a < b) goto 103
101: t:=0
102: goto 104
103: t:=1
104:
3.4.4. Intermediate Code Generation for Commands

S S ifEthen§

S S ifEthen$
elseSy

S - whileEdo$

Example 4: while a <b do
if c <d then
X:=y+z
else
X:=y-2

{ E.true:=newlabel

E false:= Snext;
S;.next:= Snext;
Scode:= Ecoddjgen(E true *’)|| S;.codg

{ E.true:=newlabel
E false:= newlabel;

S;.next:= Snext;

S,.next:= Snext;

Scode:= Ecodd|genE true ')||S;.code
ger(‘goto’ S.next)||genE false®’) || S,.codg

{ S.begin:= newlabel,

Etrue := newlabel;

E false:= Snext;

S,.next:= Shegqin;
Scode:=genSbegin‘’) || E.code
ger(Etrue‘’) || S;..code
ger(‘goto’ S.begin }
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L1: if (a < b) goto L2

goto Lnext

L2: if (c <d) goto L3

goto L4

L3: t 1:=y+z
X =t 1
goto L1

L4: t o2:1=y-z
X =t 2
goto L1

Lnext:

3.45 Generating Intermediate Code for a Simple Pigram

Generate three-address code for the following pmodiragment:

void Ssort(int a[], int N)
{

inti, j, k, min;

i =0;
while (i < N)
{
min=1i;j=i+1;
while <N + 1)
{
if (a[j] < a[min]) min = j;
++j;
}
k = a[min];
a[min] = ai];
alil = k;
++i;
}
}

void main()
{
inti, N;
int a[10];

N = 10;
i=0;

while (i < N)
{
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ali] = getch();
+4i;

}

Ssort(a, N);

Three-address Code :

1} := mktable(nil) 23) t g:=aft g
2% := mktable(nil) 24) k=t 6
3enter(s, i, int, 4) 25) aft 5 =t g
4enter(s, j, int, 4) 26) aft 7=
5enter(s, k, int, 4) 27) i=i+1l

6enter(s, min, int, 4) 28) goto (8)

7:=0 29) enterproc(t, s, proc, 4 * 4)
8jf (i >= N) goto (30) 30) m := mktable(nil)

9min =i 31) enter(m, i, int, 4)

10) j=i+1 32) enter(m, N, int, 4)

11) if (j >= N+1) goto (20) 33) enter(m, a, record, 40)
12) t :=47%*] 34) N:=10

13) t ,:=aft g 35) i:=0

14) t 3:=4*min 36) if (i>=N) goto (41)

15) t ,:=aft g 37) t 9 =4%]

16) if (t 2 >=1t 4) goto (20) 38) alt o] :=read
17) min:=j 39 i=i+1

18) j==j+1 40) goto (36)

19) goto (11) 41) parama

200 t s:=4*min 42) param N

21) t g=aft g 43) calls, 2

22) t ;=47 44) enterproc(t, m, proc, 40+2*4)
4.0 CONCLUSION

In this unit, you have learnt about intermediatdecgeneration in compilers. In the

next

unit you will learn about code generation.

5.0 SUMMARY

In this unit, you learnt that:

The front part of the compiler usually translates source code program into
an intermediate language representatiovhich after that is converted into a
machine code for the concrete target computer

using an intermediate language representation lentavo properties:
retargetability and optimizability
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* A popular intermediate language is theee-address code
» Certain conversion algorithms can be applied tovednstack-based code of
intermediate representation to three-address codi@iae versa

6.0 TUTOR-MARKED ASSIGNMENT

1. Sketch the algorithm for converting three-addrestedo the stack-based code,
assuming no jumps. Hint: view each position in skeeck has a corresponding
temporary variable.

2. Write a stack-based code such that the height efsthck at each position
cannot be determined at a compiler time.
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Module 4: CODE GENERATION

Unit 4: Code Generation
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1.0 INTRODUCTION

In the previous unit you have learnt about interiaed code generation and the
various intermediate languages that can be usethtienmediate code generation. In
this unit, you will learn about the final phaseaotompiler, which is code generation.
It takes as input an intermediate representatiadh@tource program and produces as
output an equivalent target program.

Now let us go through your study objectives fos thinit.
2.0 OBJECTIVES

At the end of this unit, you should be able to:
» Define code generation
» Diagrammatically show the position of code generat@ compiler
» Explain basic code generation issues such as inpuiput, memory
management, instruction selection, etc.
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» Describe runtime storage allocation

3.0 MAIN CONTENT
3.1 Code Generation

The primary objective of theode generatoris to convert atoms or syntax trees to
instructions.

The final phase in our compiler model is tbede generator It takes as input an
intermediate representation of the source prograxd produces as output an
equivalent target program.

The requirements traditionally imposed on a codeegsor are severe. The output
code must be correct and of high quality, meaniag it should make effective use of
the resources of the target machine. Moreoverctue generator itself should run
efficiently.

SOURCE FRONT INTERMEDIATE CODE INTERMEDIATE CODE TARGET

— END —> OPTIMIZER — GENERATOR —>
(ODE (ODE (0DE (ODE

SYMBOL

Figure 1: Position of Code Gen T ABLE

3.2 Issues in the Design of a Code Generator

While the details are dependent on the target lagguand the operating system,
Issues such as memory management, instructiontiselecegister allocation, and
evaluation order are inherent in almost all codeegation problems.

3.2.1 Input to the Code Generator

The input to the code generator consists of thernmédiate representation of the
source program produced by the front end, togethér information in the symbol
table that is used to determine the run time addsesf the data objects denoted by
the names in the intermediate representation.
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There are several choices for the intermediate uagg, including: linear
representations such as postfix notation, threereaddrepresentations such as
guadruples, virtual machine representations sudyrsx trees and dags.

We assume that prior to code generation the frowk leas scanned, parsed, and
translated the source program into a reasonabbiléétintermediate representation,
so the values of names appearing in the internreth@guage can be represented by
guantities that the target machine can directly imdate (bits, integers, reals,
pointers, etc.). We also assume that the necesgaeychecking has take place, so
type conversion operators have been inserted wleraecessary and obvious
semantic errors (e.g., attempting to index an abaw floating point number) have
already been detected. The code generation phaseheaefore proceed on the
assumption that its input is free of errors. In socompilers, this kind of semantic
checking is done together with code generation.

3.2.2 Target Programs

The output of the code generator is the targetrarag The output may take on a
variety of forms: absolute machine language, re¢ddila machine language, or
assembly language.

Producing an absolute machine language prograoutpsit has the advantage that it
can be placed in a location in memory and immeljiaggecuted. A small program

can be compiled and executed quickly. A numbefsitident-job” compilers, such as

WATFIV and PL/C, produce absolute code.

Producing a relocatable machine language prograougmit allows subprograms to
be compiled separately. A set of relocatable objemtiules can be linked together and
loaded for execution by a linking loader. Although must pay the added expense of
linking and loading if we produce relocatable objemdules, we gain a great deal of
flexibility in being able to compile subroutinespseately and to call other previously
compiled programs from an object module. If thegeéarmachine does not handle
relocation automatically, the compiler must provelicit relocation information to
the loader to link the separately compiled progsamments.

Producing an assembly language program as outplieanthe process of code

generation somewhat easier .We can generate symbstiuctions and use the macro
facilities of the assembler to help generate cdte price paid is the assembly step
after code generation. Due to the fact that prodyessembly code does not duplicate
the entire task of the assembler, this choice istheam reasonable alternative,

especially for a machine with a small memory, whareompiler must uses several

passes.

3.2.3 Memory Management
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Mapping names in the source program to addressedataf objects in run time
memory is done cooperatively by the front end drel dode generator. We assume
that a name in a three-address statement refarsymbol table entry for the name.

If machine code is being generated, labels in tfaddress statements have to be
converted to addresses of instructions. This psodssanalogous to the “back
patching”. Suppose that labels refer to quadruplabers in a quadruple array. As we
scan each quadruple in turn we can deduce thadaaatt the first machine instruction
generated for that quadruple, simply by maintairangount of the number of words
used for the instructions generated so far. Thimmt@an be kept in the quadruple
array (in an extra field), so if a reference susl): goto iis encountered, and i is less
than j, the current quadruple number, we may sirgplyerate a jump instruction with
the target address equal to the machine locatidheofirst instruction in the code for
guadruple i. If, however, the jump is forward, sexceeds j, we must store on a list
for quadruple i the location of the first machimstruction generated for quadruple j.
Then we process quadruple i, we fill in the propaichine location for all instructions
that are forward jumps to i.

3.2.4 Instruction Selection

The nature of the instruction set of the target mree determines the difficulty of
instruction selection. The uniformity and completss of the instruction set are
important factors. If the target machine does npipsrt each data type in a uniform
manner, then each exception to the general rulanegspecial handling.

Instruction speeds and machine idioms are otheoitapt factors. If we do not care
about the efficiency of the target program, indinucselection is straightforward. For
each type of three- address statement we can dasigde skeleton that outlines the
target code to be generated for that construct.

For example, every three address statement ofotine X := y + z, where X, y, and z
are statically allocated, can be translated inéocibde sequence

MOV y, RO /*load y into register RO */
ADD z, RO /*add zto RO */
MOV RO, x /* store RO into x */

Unfortunately, this kind of statement-by-statemeate generation often produces
poor code. For example, the sequence of statements:

a=b+c
d=a+e

would be translated into

MOV b, RO
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ADD ¢, RO
MOV RO, a
MOV a, RO
ADD e, RO
MOV RO, d

Here the fourth statement is redundant, and sbeighird if ‘a’ is not subsequently
used.

The quality of the generated code is determineitisbgpeed and size.

A target machine with a rich instruction set mayojyie several ways of
implementing a given operation. Since the costed#fices between different
implementations may be significant, a naive trarsiaof the intermediate code may
lead to correct, but unacceptably inefficient targede. For example if the target
machine has an “increment” instruction (INC), thbe three address statement a ;=
a+1 may be implemented more efficiently by the kngstruction INC a, rather than
by a more obvious sequence that loads a into ateggiadd one to the register, and
then stores the result back into a.

MOV a, RO
ADD #1,R0O
MOV RO, a

Instruction speeds are needed to design good cedaesce but unfortunately,
accurate timing information is often difficult tdotin. Deciding which machine code
sequence is best for a given three address cohstaycalso require knowledge about
the context in which that construct appears.

3.2.4 Register Allocation

Instructions involving register operands are ugualhorter and faster than those
involving operands in memory. Therefore, efficieatilization of register is
particularly important in generating good code. Thee of registers is often
subdivided into two sub-problems:

1. Duringregister allocation, we select the set of variables that will reside in
registers at a point in the program.

2. During a subsequerdgister assignmenfphase, we pick the specific register
that a variable will reside in.

Finding an optimal assignment of registers to \@es is difficult, even with single
register values. Mathematically, the problem is ¢étiaplete. The problem is further
complicated because the hardware and/or the opgrsyistem of the target machine
may require that certain register usage conventensbserved.
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Certain machines requiregister pairs (an even and next odd numbered register) for
some operands and results. For example, in the 8&tem/370 machines integer

multiplication and integer division involve registgairs. The multiplication
instruction is of the form:

M Xy
where x, is the multiplicand, is the even registean even/odd register pair.

The multiplicand value is taken from the odd regjigiair. The multiplier y is a single
register. The product occupies the entire evenfediter pair.

The division instruction is of the form
D xvy

where the 64-bit dividend occupies an even/oddstegpair whose even register is X;
y represents the divisor. After division, the evegister holds the remainder and the
odd register the quotient.

Now consider the two three address code sequengend (b) in figure 2 below in
which the only difference is the operator in theoa statement. The shortest
assembly sequence for (a) and (b) are given in (c).

Ri stands for register i. L, ST and A stand fordpatore and add respectively. The
optimal choice for the register into which ‘a’ is be loaded depends on what will
ultimately happen to e.

t .= a+b t:=a+b
t=t*c t=t+c
t:=t/d t :=t/d
(@) (b)

Figure 2: Two three address code sequences

L Rla L RO, a
A RLb A RO, b
M RO, c A RO, ¢
D RO,d SRDA RO, 32
ST RLt D RO, d
ST R1,t
(@) (b)
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Figure 3: Optimal machine code sequenc

3.2.5 Choice of Evaluation Order

The order in which computations are performed déectthe efficiency of the target
code. Some computation orders require fewer ragiste hold intermediate results
than others. Picking a best order is another dilfjldANP-complete problem. Initially,
we shall avoid the problem by generating code lierthree -address statements in the
order in which they have been produced by the nméeliate code generator.

3.3 Approaches to Code Generation

The most important criterion for a code generasothat it produce correct code.
Correctness takes on special significance becaude mumber of special cases that
code generator must face. Given the premium onectress, designing a code
generator so it can be easily implemented, tesiad, maintained is an important
design goal.

3.4 Run-Time Storage Management

The semantics of procedures in a language detesniio& names are bound to
storage during allocation. Information needed dym@m execution of a procedure is
kept in a block of storage called an activatiorordg storage for names local to the
procedure also appears in the activation record.

An activation record for a procedure has fieldhodd parameters, results, machine-
status information, local data, temporaries andiltge Since run-time allocation and

de-allocation of activation records occurs as pdrthe procedure call and return

sequences, we focus on the following three-additagements:

call

return

halt

action, a placeholder for other statements

PoONPE

For example, the three-address code for proceduaes p in fig. 4 contains just these
kinds of statements. The size and layout of agtwatecords are communicated to the
code generator via the information about namesishatthe symbol table. For clarity,
we show the layout in Fig. 4 rather than the fofrthe symbol-table entries.

We assume that run-time memory is divided into @fea code, static data, and a
stack.
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three-address code activateord for ¢ activation regdor p

(64 bytes) (64 bytes)
[* code for c*/ 0: return address 0: | return address
actionl )
callp .
action2 8: 4 buf
u
halt arr
[* code for p*/
action3
return
56: i
84: n
60: j

gdre 4: Input to a code generator
3.4.1 Static Allocation

Consider the code needed to implement static dllmtaA call statement in the
intermediate code is implemented by a sequencemfdarget-machine instructions. A
MOV instruction saves the return address, and a G@&truction transfers control to
the target code for the called procedure:

MOV  #here+20,callee.static_area
GOTO callee.code_area

The attributesallee.statatic_areandcallee.code_areare constants referring to the
address of the activation record and the firstrire$ion for the called procedure,
respectively. The sourcénégret20 in the MOV instruction is the literal returndadss;

it is the address of instruction following the GOTr@truction.

The code for a procedure ends with a return tac#tleng procedure ends with a return
to the calling procedure, except the first procedwas no caller, so its final instruction
is HALT, which presumably returns control to theeogting system. A return from
procedure callee is implemented by

GOTO “*callee.static_area

which transfers control to the address saved dbélgenning of the activation record.

Example 1:

The code in Figure 5 is constructed from the praocesic and p in Figure 4. We use
the pseudo-instruction ACTION to implement the esta¢ént action, which represents
three-address code that is not relevant for tlesudision. We arbitrarily start the code
for these procedures at addresses 100 and 20@&ctesby, and assume that each
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ACTION instruction takes 20 bytes. The activati@tords for the procedures are
statically allocated starting at location 300 &6d, respectively.

[*code for c*/

100: ACTION1

120: MOV #140,364 [*save return address 140 */
132: GOTO 200 [* call p */

140: ACTION2

160: HALT

[*code for p*/
200: ACTION3

220: GOTO *364 [*return to address saved in location 364*/
/*300-363 hold activation recdod c*/

300: [*return address*/

304: [*local data for c*/

...... [*364-451 hold activation record for/ p*
364: [*return address*/
368: [*local data for p*/

Figure 5. Targetde for input in figure 4.

The instructions starting at address 100 implertfenstatements

actionl ; call p; action2; halt
of the first procedure c. Execution therefore stavith the instruction ACTIONL1 at
address 100. The MOV instruction at address 126ssthwe return address 140 in the
machine-status field, which is the first word i tactivation record of p. The GOTO
instruction at address 132 transfers control tofitisé instruction is the target code of
the called procedure.
Since 140 was saved at address 364 by the caleseq above, *364 represents 140
when the GOTO statement at address 220 is execUGtadrol therefore returns to
address 140 and execution of procedure ¢ resumes.

3.4.2 Stack Allocation

Static allocation can become stack allocation byggueelative addresses for storage in
activation records. The position of the record daractivation of a procedure is not
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known until run time. In stack allocation, this gms is usually stored in a register,
so words in the activation record can be accessedffaets from the value in this
register. The indexed address mode of our targethma is convenient for this
purpose.

Relative addresses in an activation record canakent as offsets from any known
position in the activation record. For convenienae, shall use positive offsets by
maintaining in a register SP a pointer to the baigim of the activation record on top
of the stack. When a procedure call occurs, thingaprocedure increments SP and
transfers control to the called procedure. Aftentoa returns to the caller, it

decrements SP, thereby de-allocating the activaéoard of the called procedure.

The code for the firgbrocedure initializes the stack by setting SP t gstart of the
stack area in memory.

MOV #stackstart SP [*initialize the stack*/
code for the first procedure
HALT [*terminagéxecution*/

A procedure call sequence increments SP, savesetbhen address, and transfers
control to the called procedure:

ADD #caller.recordsizeSP
MOV #here+l16, SP [* save return address*/
GOTO callee.code_area

The attributecaller.recordsizeepresents the size of an activation record, sAAIDD
instruction leaves SP pointing to the beginningtleé next activation record. The
source #eret16 in the MOV instruction is the address of th&naction following the
GOTO,; it is saved in the address pointed to by SP.

The return sequence consists of two parts. Theagtocedure transfers control to
the return address using

GOTO *0(SP) [*return to caller*/
The reason for using *0(SP) in the GOTO instructi®rthat we need two levels of
indirection: O(SP) is the address of the first wioréhe activation record and *0O(SP) is
the return address saved there.
The second part of the return sequence is in thercashich decrements SP, thereby
restoring SP to its previous value. That is, aftex subtraction SP points to the
beginning of the activation record of the caller:

SUB #caller.recordsizeSP
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Example 2:

The program in figure 6 is a condensation of the three-address codenéoPascal
program for reading and sorting integers. Procedui recursive, so more than one
activation of g can be alive at the same time.

/*code for s*/
actionl
callq
action2
halt

[*code for p*/
action3
return

[*code for g*/
action4
callp
action5
callq
action6
callq
return

Figure 6: Three-address codallostrate stack allocation

Suppose that the sizes of the activation recordprmcedures s, p, and g have been
determined at compile time to bsize psize andqgsize respectively. The first word in
each activation record will hold a return addré§e. arbitrarily assume that the code
for these procedures starts at addresses 100,20BGh respectively, and that the
stack starts at 600. The target code for the progmafigure 6 is as follows:

[*code for s*/
100: MOV #600, SP /*initialize tkeack*/
108: ACTION1
128. ADD $size SP  /*call sequence begins*/
136: MOV #152,*SP  [*push returrdeess*/

144. GOTO 300 [*call g*/
152: SUB ¢kize SP  /*restore SP*/
160: ACTIONZ2

180: HALT

[*code for p*/
200: ACTIONS3
220: GOTO *0(SP) [*return*/

[*code for g*/
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300: ACTION4 [*condition@imp to 456*/
320: ADD ¢gsize SP

328: MOV #344,*SP  [*push returrdeess*/
336: GOTO 200 [*call p*/

344: SUB dsize SP

352: ACTIONS

372: ADD ¢gsize SP

380: MOV #396, *SP  /*push returrdeeks*/
388: GOTO 300 [*call g*/

396: SUB dsize SP

404: ACTIONG6

424. ADD #4size SP

432: MOV #448,*SP  [*push retuideess*/

440: GOTO 300 [*call g*/

448. SUB égfsize SP

456: GOTO *0(SP) [*return*/

600: [*stack starts here*/

We assume that ACTION4 contains a conditional jumfihe address 4560f the return
sequence from q; otherwise, the recursive proceduie condemned to call itself

forever. In an example below, we consider an execudf the program in which the

first call of g does not return immediately, butsalbsequent calls do.

If ssize, psizeandqgsizeare 20,40, and 60, respectively, then SP is iiagdl to 600,
the starting address of the stack, by the firgruasion at address 100. SP holds 620
just before control transfers from s to q, becasseeis 20. Subsequently, when q
calls p, the instruction at address 320 increm&Rsto 680, where the activation
record for p begins; SP reverts to 620 after conteturns to g. If the next two
recursive calls of g return immediately, the maximwalue of SP during this
execution is 680. However, the last stack locatised is 739, since the activation
record for q starting at location 680 extends fob§tes.

3.4.3 Run-Time Addresses for Names

The storage allocation strategy and the layoubcdll data in an activation record for
a procedure determine how the storage for namsescisssed.

If we assume that a name in a three-address statesnesally a pointer to a symbol-
table entry for the name; it makes the compileremmrtable, since the front end need
not be changed even if the compiler is moved tdfardnt machine where a different
run-time organization is needed. On the other hgederating the specific sequence
of access steps while generating intermediate cadebe of significant advantage in
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an optimizing compiler, since it lets the optimizake advantage of details it would
not even see in the simple three-address statement.

In either case, names must eventually be replagexbdie to access storage locations.
We thus consider some elaborations of the simpleethddress statement x := 0.
After the declarations in a procedure are processgapose the symbol-table entry for
X contains a relative address 12 for x. First adersithe case in which x is in a
statically allocated area beginning at add#asic. Then the actual run-time address
for x is statict12. Although, the compiler can eventually detemnihe value of
statict12 at compile time, the position of the staticaareay not be known when
intermediate code to access the name is generatdatiat case, it makes sense to
generate three-address code to “compstatict12, with the understanding that this
computation will be carried out during the code-gation phase, or possibly by the
loader, before the program runs. The assignmeniOxthen translates into

static[12] :=0
If the static area starts at address 100, thettaogke for this statement is

MOV #0, 112
On the other hand, suppose our language is ond’hkeal and that a display is used
to access non-local names. Suppose also thatgpkagiis kept in registers, and that x
is local to an active procedure whose display @oirg in register R Then we may

translate the copy x := 0 into the three-addres®stents

t 1 =12+R 3

*t 1=

in which t1 contains the address of x. This segeean be implemented by the single
machine instruction

MOV #0, 12 (R
The value in Rcannot be determined at compile time.
40 CONCLUSION
In this unit, you have been taken through the bmsiges in code generation. In the
next unit, which is the concluding unit of this cee you will be learning about code
optimization.
5.0 SUMMARY

In this unit, you learnt that:
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* the primary objective of theode generatorthefinal phase of the compiler, is
to convert atoms or syntax trees to instructions.

» code generator takes as input an intermediate geptation of the source
program and produces as output an equivalent targgtam

» producing an assembly language program as outpkesritae process of code
generation somewhat easier

e producing a relocatable machine language program oatput allows
subprograms to be compiled separately

* mapping names in the source program to addressast@fobjects in run time
memory is done cooperatively by the front end dredcode generator

» information needed during an execution of a prooeds kept in a block of
storage called an activation record

» static allocation can become stack allocation bynguselative addresses for
storage in activation records

* Relative addresses in an activation record canakent as offsets from any
known position in the activation record

6.0 TUTOR-MARKED ASSIGNMENT

1) For the following program in Simple, generatcktcode.

A program in Simple
let
integer n,x,n.
in
read n;
if n <10 then x :=1; else skip; fi;
while n <10 do x:=5*; n:=n+l; end;
skip;
write n;
write X;
end

2) Describe the various approaches to code geaoprati
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INTRODUCTION

In this concluding unit of the course, you will lesarning about code optimization.
Code optimization is code transformation techniqtlest are applied to the
intermediate codes to make faster and better mg@f performance and memory
management. Although, the optimization phase ismional phase in compilers it
makes for better and efficient code generation whisnpresent.

Optimization is a very rich and complex topic, @stunit will only attempt to
introduce the basics.

Now let us go through your study objectives fos thinit.

2.0

OBJECTIVES

At the end of this unit, you should be able to:

Define code optimization
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» State criteria for code improving transformation

» List categories of optimization

» State properties of optimizing compilers

» List and describe common optimization algorithms

3.0 MAIN CONTENT
3.1 Code Optimization

On modern computers, a compiler can be consideréd\e satisfactory performance
if it translates a moderate size source program &eut 1000 lines) in a matter of
seconds. The way to get a compiler with satisfgcp@rformance is more or less the
same way you would get any program performing well.

- Design using good algorithms.

- Ensure your data structures match the algorithms.

« Structure using modules with clean simple interface

- Implement using clear straightforward code.

- When there is an overall performance problem
o Measure the actual performance in reasonable detail
o ldentify the troublesome areas.
o Redesign and re-implement these problem areas.

In this unit, we will consider various algorithmsdadata structures and discuss their
likely impact on performance.

Note that actual measurement is crucial, sinceptbblems are often not where you
guess they might be. For your initial implementatypou may well have selected
simple algorithms which are known to perform pooirtyorder to get something
working quickly. Nevertheless, you should still reeee performance in detail, since
there may be some other source of (at least sojn@of problems.

If you are very lucky, your implementation languageght have some optional
facility for selectively measuring CPU time. Tak&& to only activate such a feature
for a few crucial routines; the timing overhead Idoeasily exceed the execution time
for small routines and distort the result.

More commonly you will be unlucky and will have éxplicitly add timing code to

selected routines; make sure you can easily disabdard enable it as required.
Typically you will have to insert calls to some CRibhing routine at the beginning
and end of a routine, and then subtract the twoegato get the time for that routine,
which will include the time for any routines callbyl it.

Various measurements on the performance of actuabiers have been reported
over the years. Specific areas which have been kriowause problems include:
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- Multiple routine calls during lexical analysis faach and every source
character.

- Skipping white space during lexical analysis.

- Skipping over a comment.

- Decoding a tightly packed parse table during syatadysis.

« Looking things up in the name table during semaamialysis.

- Determining whether some name is a reserved keyword user-definable
identifier.

Optimization within a compiler is concerned with proving in some way the
generated object codehile ensuring the result is identical Technically, a better
name for this unit might be "Improvement”, sincenpilers only attempt to improve
the operations the programmer has requested. Cgatiimms fall into three categories:

- Speed improving the runtime performance of the genetaibject code. This
is the most common optimization

- Space reducing the size of the generated object code

- Safety. reducing the possibility of data structures beemmcorrupted (for
example, ensuring that an illegal array elemenbtswritten to)

Unfortunately, many "speed" optimizations make tbde larger, and many "space"
optimizations make the code slower. This is knowth& space-time tradeoff.

3.2  Criteria for Code-Improving Transformations

Simply stated, the best program transformationgltasee that yield the most benefit
for the least effort. The transformations providgdan optimizing compiler should
have several properties.

First, a transformation must preserve the meanifigpmgrams. That is, an
"optimization" must not change the output produbgda program for a given input,
or cause an error, such as a division by zero, et not present in the original
version of the source program. The influence of thiterion pervades this chapter; at
all times we take the "safe" approach of missing aoportunity to apply a
transformation rather than risk changing what ttegyam does.

Second, a transformation must, on the averagedspeerograms by a measurable
amount. Sometimes we are interested in reducingsplaege taken by the compiled
code, although the size of code has less importtdrare it once had. Of course, not
every transformation succeeds in improving everggmm, and occasionally an
"optimization” may slow down a program slightly, &g as on the average it
improves things.

Third, a transformation must be worth the effarddes not make sense for a compiler

writer to expend the intellectual effort to implemi@ code improving transformation
and to have the compiler expend the additional tomapiling source programs if this
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effort is not repaid when the target programs aezeted. Certain local or "peephole”
transformations of the kind are simple enough atkhcial enough to be included in
any compiler.

Some transformations can only be applied after ildetaoften time-consuming,

analysis of the source program, so there is Ilgtdent in applying them to programs
that will be run only a few times. For example,astf nonoptimizing, compiler is

likely to be more helpful during debugging or fasttident jobs” that will be run

successfully a few times and thrown away. Only wittenprogram in question takes
up a significant fraction of the machine's cyaiees improved code quality justify
the time spent running an optimizing compiler oa pinogram.

3.3 Improving Transformations

The code produced by straightforward compiling athms can be made to run faster
using code improving transformationsCompilers using such transformations are
calledoptimizing compilers

The main subject of research ameachine-independent optimisation¥hey are

implemented by algorithms that improve the targetlec without taking into

consideration any properties of the target machiM@king machine-dependent
optimisations, such as register allocation andzation of machine idioms is also
possible.

The purpose behind making such optimisations isemadore efficient the most
frequently executed parts of the compiler.

3.4 Optimizing Compiler
An optimising compiler should provide the followipgoperties:

» the transformations should preserve the semantitiseoprograms, that is the
changes should guarantee that the same input @esdhe same outputs (and
should not cause errors);

» the transformations should speed up consideralglycémpiler on the average
(although occasionally on some inputs this mayb®temonstrated, on most
of the inputs it should become faster);

» the transformation should be worth the intellectfédrt.

3.5 Common Optimization Algorithms
Common optimization algorithms deal with specifiases. The possibilities to

improve a compiler can be explained with the follogv most frequently applied
transformation techniques:
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- Function-preserving transformations;
o Common sub-expressions identification/elimination;
o Copy propagation;
0 Dead-code elimination;
- Loop optimisations;
o Induction variables and reduction in strength.
o Code motion
- Function Chunking

A code improving transformation is callddcal if it is performed by looking at
statements within one concrete block. Respectiaelyode improving transformation
Is global if it is performed by looking at statements nolyan one concrete block, but
also outside in global and other outside blocks.

3.5.1 Function-Preserving Transformations

There are a number of ways in which a compiler icaprove a program without
changing the function it computes. Common sub-esgo® elimination, copy
propagation, dead-code elimination, and constaldinfg are common examples of
such function-preserving transformations. The othe&nsformations come up
primarily when global optimizations are performed.

Frequently, a program will include several caldolas of the same value, such as an
offset in an array. Some of these duplicate calmria cannot be avoided by the

programmer because they lie below the level ofidatxessible within the source

language. For example, block B5 shown in figuredalculates 4*i and 4*j.

ES

LB = 4% .
= alth] tE: = 4;'3
b7 =i ool il
b= 47 9= alts]
1= a[ts] aftEl:=t9

alt7]:=t3 alts8]l:= =
0= a5 gote B2
alt10]= =

goto B2

Before Safrer

Figure 1. Local common subexpression elimination
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1)
2)
3)
4)
5)
6)
7)
8)
9)
10)
11)
12)
13)
14)

void quicksort( int m, intn)
{

inti,j;

int v,x;

if (N <=m) return;

i=m-1;

j=nm;

v=a[n]

while (1)

{
doi=i+1;while(a[i]<v);
doj=j-1;while(a[j]>V);
if (1>=)) break;

x=a[il];
ali]=aljl;
alj]=x;

}

x=a[il];
a[i]=a[n];
a[n]=x;

quicksort(m, j);
quicksort(i+1, n);

}

Three-address Code :
l:=m-1 16) 1:=4*i
j:=n 17) g:=4%*]
t;:=4*n 18) t:=a[tg]
v:i=a[t] 19) a[t]=ty
i=1+1 20) to:=47*]
b:=4%*i 21) a[to]i=x
tz:=a[ty] 22) goto (5)
if (t3<Vv) goto (5) 23) Hi=47*i
j=j-1 24) x:=a[i]
tWi=4%] 25) toi=4*i
t:=a[ t4] 26) t3:=4*n
if (> v ) goto (9) 27) {4:=a[t3]
if (i>=])goto (23)28) a[k]:=tis
b:=4%*i 29) ts:=4*n
x = a[ §] 30) alts]i=x

15)
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I:=m-1
j:=n
ti:=4*n
vi=a[t]
B
l=i+1
tz::4*i
t3:=a[ t,]

if (tz<v)gotoB

Bs
j=j-1
t4::4*j
ts ;= a[t4]

if (ts>v) goto B

B4
if (i >=]) goto Bg

B5 BG
ts::4*i tll::4*i
X = a[ tg] X = a[ tyq]
t7::4*i t12:24*i
tg::4*j t13::4*n
to = a[ tg] ti4 = a[ ty3]
aft7]:=tg a[ tip]i=tay
th::4*j t15::4*n
af typ]:i=x al ti5]:=x
goto B,

35.1.1 Copy propagation

Input A flow graph with a set of copies x=y that reax block in the graph along
every path, with no assignment of x or y followithg last occurrence of x=y
on the path to the block.

Output A revised flow graph

208



Algorithm For each copy x :=vy, do the following:

1) Determine those uses of x that are reachetiibydefinition of x namely,
S: X:=VY.

2) Determine whether for every use of x found imo definitions of x  or
y can occur prior to this use of x within the uléita block of use.

3) If the blocks meets the conditions of 2 ) then rem@wand replace all uses
of x foundin 1) byy.

Block Bs in the code below can be further improved by eleting x using two new
transformations. One concerns assignments of tine fie-g called copy statements, or
copies for short. For example, when the common >quiession in c:=d+e is
eliminated in Figure 2, the algorithm uses a newabde t to hold the value of d+e.
Since control may reach c:=d+e either after thegassent to a or after the assignment
to b, it would be incorrect to replace c:=d+e bijier c:=a or by c:=b.

The idea behind the copy-propagation transformaisono use g for f, wherever
possible after the copy statement f:=g. For exantpke assignment x:xtn block B;
of Figure 2 is a copy.

Copy propagation applied to;Bields:

X.=13

a[tz]::t5

afty]:=ts

goto B

|_~31='2|+E | bh:=d+e | t'=d+e bi=d+e
- a.=t b=t

I I/
| ci=d+e |_ 7 co=t

Figure 2: Copies introduced during common subexpsem elimination.

This may not appear to be an improvement, but asshedl see, it gives us the
opportunity to eliminate the assignment to x

B:

i=m-1
ji=n
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t1:=4*n

v:.=alt]
B
I=i+1
tz::4*i
t3::a[t2]

if (tz<v)goto B

Bs
j=j-1
t4::4*j
ts ;= a[t4]

if (ts>v) goto B

B4
if (i >=]) goto Bg

Bs Bs
IIX :=t3 IIx =1

a[tx]:=ts tia:=af ts]

a[ty]:=ts a[ =114

goto B, a[t]:=1t;

3.5.1.2 Dead Code Elimination

Dead code elimination is a size optimization (alifo it also produces some speed
improvement) that aims to remove logically impoksitatements from the generated
object code. Dead code is code which will nevecetes regardless of input

Consider the following program:

a=>5
if (@!=5){
/l Some complicated calculation

}

It is obvious that the complicated calculation wilver be performed; since the last
value assigned ta before thdF statement is a constant, we can calculate thét esu
compile-time. simple substitution of arguments proes if (5 != 5), which idalse
Since the body of an if(false) statement will neegecute - it isdlead codene can
rewrite the code:
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a=5b
/| Some statements

The algorithm was used to identify and remove sastof dead code
3.5.1.3 Common Sub-expression Identification/Elinmation

Common sub-expression elimination is a speed opaman that aims to reduce
unnecessary recalculation by identifying, througkdezflow, expressions (or parts of
expressions) which will evaluate to the same valiee re-computation of an

expression can be avoided if the expression hagiqusly been computed and the
values of the operands have not changed sinceréwopis computatian

3.5.1.3.1 Common Sub-expression ldentificatioAlgorithm

Input A flow graph with available expression informatio
Output A revised flow graph

Algorithm For every statemesstof the form x :=y + z such that y + z is dahle
at the beginning of's block, and neither y nor z is defined prior to
statemens in that block, do the following:
1) To discover the evaluations of y + z that hesis block follow flow
graph edges seraching backwards fromsthéblock / without going
through any block that evaluates y + z /. The éastluation of y + z
in each block encountered is an evaluation of ythat reaches x.

2) Create a new variable u

3) Replace each statement w =y + z found irbyl)

u=y+z
w:=u

4) Replace statemerst by x :=u

Example 1: u:=4xj
t,:=4%*| t,:=u

ti=alt] tb:i=a[t]

tg:=4*i ts:=u

tz:=al 6] tr=alt]

B

l:=m-1

ji=n

t1 =4*n
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v:i=a[t]

B

=i+l
to:=4 %]
t3::a[t2]

if (tz<v)goto B

Bs
j=j-1
t4::4*j
{5 .= a[t4]

if (ts>v) goto B

B4
if (i >=)) goto Bg

Bs

X =13
a[t2]:=1ts
a[ty]:i=x
goto B,
Example 2:

Bs
X=%
tia:=af ty]
a[ t2]:=tya
a[t]:=x

Consider the following program:

a=b+c
d=e+f
g=b+c

In the above example, the first and last statemeght hand side are identical and the
value of the operands do not change between thestmtements; thus this expression
can be considered as havingammon sub-expression

The common sub-expression can be avoided by stotsngalue in a temporary
variable which can cache its result. After applyitings Common Sub-expression
Elimination technique the program becomes:

t0:b+C
a=-¢t
d=e+f
g=b
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Thus in the last statement the re-computation @ettpression b + ¢ is avoided.
3.5.2 Loop Optimizations

We now give a brief introduction to a very impoit@hace for optimizations, namely

loops, especially the inner loops where programd te spend the bulk of their time.
The running time of a program may be improved if decrease the number of
instructions in an inner loop, even if we incretts® amount of code outside that loop.
Three techniques are important for loop optimizatimode motion, which moves code
outside a loop; induction-variable elimination, walniwe apply to eliminate | and j

from the inner loops B2 and B3 and, reduction irerggth, which replaces and
expensive operation by a cheaper one, such astglncation by an addition.

There are three main techniques for loop optinosatioops are usually processed
inside out):

I) Strength Reductiowhich replaces an expensive (time consuming) apelesy
a faster one;

i) Induction Variable Eliminationwhich eliminates variables from inner loops;

i) Code Motiorwhich moves pieces of code outside loops.

3.5.2.1 Strength Reduction

This concept refers to the compiler optimizatiortime of substituting some machine
instruction by a cheaper one and still maintaineguivalence in results. Certain
machine instructions are considerably cheaper dthars and can often be used as
special cases of more expensive operators. For @ganx? is invariably cheaper to
implement as x*x than as a call to an exponenmatimutine. Fixed-point
multiplication or division by a power of two is dcger to implement as a shift.
Floating-point division by a constant can be impewed as multiplication by a
constant, which may be cheaper.

This type of optimization can generate high gaisgeeially when targeting different
hardware and the compiler is aware of the subfferénces it can benefit from.

Example 3:
Apply strength reduction to the code below:

B:
l:=m-1
j:=n
ti:=4*n
v:i=a[t]
B
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Bs

j=j-1
t4::4*j
t5::a[t4]

if (ts>vVv) goto B

B4
if (i >=]) goto Bg

B5 BG

Solution:

As the relationship,t=4* surely holds after such an assignment sotthe code
above and t4 is not changed elsewhere in the ionperaround B, it follows that just
after the statement j:=j-1 the relationship= 4*j-4 must hold. We may therefore
replace the assignment=t 4* by t,;:= t4-4. The only problem is thaf tloes not have a
value when we enter block;Bfor the first time. Since we must maintain the
relationship =4*j on entry to the block B we place an initializations of at the end
of the block where j itself is initialized, showsy the last line of block Bin the code
below

The replacement of a multiplication by a subtractmll speed up the object code if
multiplication takes more time than addition or sabtion, as is the case on many
machines

After Strength Reduction is applied to 4* in tko B; we have:

B1
i:=m-1
j:=n
ti:=4*n
v:i=a[t]
ty:=4%*]
B2

Bs
ji=j-1
tg:=t,-4
ts ;= a[ t4]

if (ts>v) goto B
B4
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if (i >=]) goto Bg
B5 BG

Diagrammatically it can be depicted as in figuteelow

I= -1 B I= e B
[=n [=n
:=4n :=4%n
iz a[t1] v=altl]
[ k. .
: ! , B2 o 2 1 B2
=1 =
= 4 B3 /7‘ = 14-4 B3
i = aftd] 5= a[td]
if tExy goto B3 M i EE v goto B3
i
ifis={ goto BB B4 | ifi>=j gota BE | B4
\% E BS BB
B5 BE
(a) Before (b) After
Figure 1. Strength reduction applied to 4*j in btk B;
3.5.2.2 Induction variable elimination

Some loops contain two or more induction varialthe# can be combined into one
induction variable. Induction variable eliminatioan reduce the number of additions
(or subtractions) in a loop, and improve both rumet performance and code space.
Some architectures have auto-increment and aut@mhent instructions that can

sometimes be used instead of induction variabigiedtion.

Example 4:
For the code in example 3 above, consider the dsopnd B.
Note that the values of | angremain in lock-step; every time the value of | @ases

by 1, that of ;1 decreases by 4 because 4*j is assignegl $oi¢h identifiers are called
induction variables.

When there are two or more induction variables Ioap, it may be possible to get
rid of all but one, by the process of inductioniahle elimination. For the inner loop
around B in Fig. we cannot get rid of either j qrdompletely. fis used in Band j in
B,
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After Induction Variable Elimination is applied virave:

B1
i:=m-1
j:=n
ti:=4*n
v:i=a[t]
to:=4 %]
ty:=4%]
B2
th=t,+4
tz:=a[ t,]

if (tz<v)gotoB

Bs
Ip=1,- 4
ts ;= a[ t4]

if (ts>v) goto B

B4
if (t2>=14) goto By

Bs Be
a[ta]:=ts tia:=af ts]

a[ty]:=ts a[ =114

goto B, a[t1]i=1t3

Example 5:

The code fragment below has three induction vaeml§il, i2, and i3) that can be
replaced with one induction variable, thus elimimgitwo induction variables.

int a[SIZE];
int b[SIZE];

void f (void)

{

intil, i2,i3;

for (i1l=0,i2=0,i3=0;il1 < SIZE; i1++)
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afi2++] = b[i3++];
return;

}

The code fragment below shows the loop after indoctariable elimination.

int a[SIZE];
int b[SIZE];

void f (void)
{
intil;

for (il = 0; i1 < SIZE; i1++)

alil] = b[i1];
return;
}
3.5.2.3 Code Motion

An important modification that decreases the amaoticbde in a loop is code motion.

This transformation takes an expression that yitldssame result independent of the
number of times a loop is executed (a loop-invdriemmputation) and places the

expression before the loop. Note that the notioefdte the loop” assumes the

existence of an entry for the loop.

This optimization technique mainly deals to redti@enumber of source code lines in
the program. For example, evaluation of limit-Zaikop-invariant computation in the
following while-statement:

While (i<= limit-2 )
Code motion will result in the equivalent of
t= limit-2;
while (i<=t)
Example 6:

Consider the code below:

for (i=0; i<n; ++i){
X=y+7z
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afil=6* i+ x* x;

}

The calculations x =y + z and x * x can be movetse the loop since within they
are loop invariant (i.e. they do not change over iterations of the loop) so our
optimized code will be something like this:

X=y+z

tl=x* X;

for (i=0; i<n;, ++i){
alij=6* i+t1

}

This code can be optimized further. For examplensfth reduction could remove the
two multiplications inside the loop (6*i and a[i]).

Example 7:

for(i=0;i<10;i++)
{
a=a+c;

}

In the above mentioned code, a = a + ¢ can be mouedf the'for' loop, and the
new code is

a = a + 10*c;
3.5.3 Function Chunking

Function chunking is a compiler optimization forgraving code locality. Profiling
information is used to move rarely executed codside of the main function body.
This allows for memory pages with rarely executedecto be swapped out.

4.0 CONCLUSION

In this concluding unit of the course, you haverbtken through the concept of code
optimization and common optimization algorithms.aBatic improvements in the

running time of a program-such as cutting the mgriime form a few hours to a few

seconds-are usually obtained by improving the @nogat all levels, from the source
level to the target level. At each level, the aafalé options fall between the two

extremes of finding a better algorithm and of inmpésting a given algorithm so that
fewer operations are performed.

5.0 SUMMARY
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In this unit, you learnt that:

» Optimizations fall into three categories: spee@csp safety

» the best program transformations are those thdd ¥ most benefit for the
least effort

* The code produced by straightforward compiling athms can be made to
run faster usingode improving transformations

» Compilers using such transformations are cablgiiimizing compilers

* A code improving transformation is calléxtal if it is performed by looking at
statements within one concrete block.

* a code improving transformation global if it is performed by looking at
statements not only in one concrete block

6.0 TUTOR-MARKED ASSIGNMENT
1) Define the following concepts:

a) Optimising compilers

b) loop optimization

c¢) Function chunking

d) Strength reduction

2) State criteria for code-improving transformasion

3) Briefly explain what you understand by spaceetinadeoff in optimization
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