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Preface

Thisbook isintended as atextbook for a one- or two-semester coursein compilers. Students will see the theory
behind different components of acompiler, the programming techniques used to put the theory into practice, and the
interfaces used to modularize the compiler. To make the interfaces and programming examples clear and concrete,
we have written them in Java. Another edition of thisbook is available that usesthe ML language.

I mplementation project The "student project compiler” that we have out-lined is reasonably smple, but is
organized to demongtrate some important techniques that are now in common use: abstract syntax treesto avoid
tangling syntax and semantics, separation of ingtruction salection from register alocation, copy propagation to give
flexibility to earlier phases of the compiler, and containment of target-machine dependencies. Unlike many "student
compilers’ found in other textbooks, this one has a smple but sophisticated back end, allowing good register
allocetion to be done after instruction sdlection.

This second edition of the book has aredesigned project compiler: It uses asubset of Java, caled MiniJava, asthe
source language for the compiler project, it explainsthe use of the parser generators JavaCC and SableCC, and it
promotes programming with the Vistor pattern. Students using this edition can implement acompiler for alanguage
they're familiar with, using slandard tools, in a more object-oriented style.

Each chapter in Part | has aprogramming exercise corresponding to one module of acompiler. Software useful for
the exercises can befound at http://uk.cambridge.org/resources/052182060X (outside North America);
http://us.cambridge.org/titles/052182060X.html (within North America).

Exer cises Each chapter has pencil-and-paper exercises, those marked with a star are more challenging, two-star
problems are difficult but solvable, and the occasiona three-star exercises are not known to have a solution.

Cour se sequence The figure shows how the chapters depend on each other.
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A one-semester course could cover al of Part | (Chapters 1-12), with studentsimplementing the project
compiler (perhaps working in groups); in addition, lectures could cover salected topicsfrom Part 1.

An advanced or graduate course could cover Part |1, aswel as additiona topicsfrom the current literature.
Many of the Part | chapters can stand independently from Part |, so that an advanced course could be
taught to students who have used a different book for their first course.

In atwo-quarter sequence, the first quarter could cover Chapters 1-8, and the second quarter could cover
Chapters 9-12 and some chaptersfrom Part 1.

Acknowledgments Many people have provided constructive criticism or helped usin other ways on this book.
Vidyut Samanta helped tremendoudy with both the text and the software for the new edition of the book. Wewould
also like to thank Leonor Abraido-Fandino, Scott Ananian, Nils Andersen, Stephen Bailey, Joao Cangussu, Maia
Gingburg, Max Hailperin, David Hanson, Jeffrey Hsu, David MacQueen, Torben Mogensen, Doug Morgan, Robert
Netzer, ElImaLee Noah, Mikael Petterson, Benjamin Pierce, Todd Proebsting, Anne Rogers, Barbara Ryder, Amr
Sabry, Mooly Sagiv, Zhong Shao, Mary Lou Soffa, Andrew Tolmach, Kwangkeun Yi, and Kenneth Zadeck.
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Part One: Fundamentals of
Compilation

Chapter List

Chapter 1: Introduction Chapter 2: Lexical Andyss Chapter 3: Parang Chapter 4: Abstract Syntax Chapter 5:
Semantic Andysis Chapter 6: Activation Records Chapter 7: Trandation to Intermediate Code Chapter 8: Basc
Blocks and Traces Chapter 9: Indruction Sdlection Chapter 10: Liveness Analyss Chapter 11: Register Allocation
Chapter 12: Putting It All Together
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Chapter 1: Introduction

A compiler wasoriginaly aprogram that "compiled" subroutines[alink-loader]. When in 1954 the combination
"agebraic compiler" cameinto use, or rather into misuse, the meaning of the term had aready shifted into the present
one.

Bauer and Eickd [1975]

OVERVIEW

Thisbook describes techniques, data structures, and agorithmsfor trandating programming languagesinto
executable code. A modern compiler is often organized into many phases, each operating on adifferent abstract
"language.”" The chapters of thisbook follow the organization of acompiler, each covering asuccessive phase.

Toillugrate theissuesin compiling real programming languages, we show how to compile MiniJava, asmple but
nontrivia subset of Java. Programming exercisesin each chapter cal for the implementation of the corresponding
phase; astudent who implementsall the phases described in Part | of the book will have aworking compiler.
MiniJavais easly extended to support class extension or higher-order functions, and exercisesin Part |1 show how to
do this. Other chaptersin Part || cover advanced techniquesin program optimization. Appendix A describesthe

MiniJavalanguage.

The interfaces between modules of the compiler are dmost asimportant as the agorithmsinside the modules. To
describe the interfaces concretdly, it is useful to write them down inarea programming language. This book uses
Java- asmple object-oriented language. Javais safe, in that programs cannot circumvent the type system to violate
abgtractions; and it has garbage collection, which greetly smplifies the management of dynamic storage alocetion.
Both of these properties are useful in writing compilers (and dmost any kind of software).

Thisisnot atextbook on Java programming. Students using this book who do not know Java aready should pick it
up asthey go dong, using a Java programming book as areference. Javaisasmal enough language, with smple
enough concepts, that this should not be difficult for students with good programming skillsin other languages.
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1.1 MODULESAND INTERFACES

Any large software system is much easier to understand and implement if the designer takes care with the
fundamental abstractions and interfaces. Figure 1.1 shows the phasesin atypica compiler. Each phaseis
implemented as one or more software modules.
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Figure 1.1: Phases of acompiler, and interfaces between them.

Breaking the compiler into this many pieces alows for reuse of the components. For example, to change the target
machine for which the compiler produces machine language, it sufficesto replace just the Frame Layout and
Instruction Selection modules. To change the source language being compiled, only the modules up through Trandate
need to be changed. The compiler can be attached to alanguage-oriented syntax editor at the Abstract Syntax
interface.

The learning experience of coming to the right abstraction by severd iterations of think-implement-redesign isone
that should not be missed. However, the student trying to finish acompiler project in one semester does not have this
luxury. Therefore, we present in this book the outline of a project where the abstractions and interfaces are carefully
thought out, and are as el egant and genera aswe are able to make them.

Some of the interfaces, such as Abstract Syntax, IR Trees, and Assem, take the form of data structures: For
example, the Parsng Actions phase builds an Abstract Syntax data structure and passesit to the Semantic Analysis
phase. Other interfaces are abstract data types, the Trand ate interfaceisaset of functionsthat the Semantic
Andysis phase can cdl, and the Tokens interface takes the form of afunction that the Parser callsto get the next
token of theinput program.

DESCRIPTION OF THE PHASES

Each chapter of Part | of thisbook describes one compiler phase, asshownin Table 1.2

.1.2: Description of compiler phases.



Chapter

Phase

Lex

Semantic Actions

Semantic Andyss

Frame Layout

Trandate

Canonicdize

Instruction Sdection

Description

Break the sourcefileinto individud
words, or tokens.

Andyze the phrase structure of the
program.

Build apiece of abstract syntax tree
corresponding to each phrase.

Determine what each phrase means,
relate uses of variablesto their
definitions, check types of
expressions, request trandation of
each phrase.

Place variables, function-parameters,
efc. into activation records (stack
frames) in a machine-dependent way.

Produce intermediate
representation trees (IR trees), a
notation that is not tied to any
particular source language or
target-machine architecture.

Hoist sde effects out of expressions,
and clean up conditional branches,
for the convenience of the next
phases.

Group the IR-tree nodes into clumps
that correspond to the actions of
target-machine indructions.



10 Control How Andysis Andyze the sequence of ingtructions
into a control flow graph that shows
al the possible flows of control the
program might follow when it
executes.

10 Dataflow Andyss Gather information about the flow of
information through variables of the
program; for example, liveness
analysis caculates the placeswhere
each program variable holds a
dtill-needed vaue (is live).

11 Regigter Allocation Choose aregister to hold each of the
variables and temporary vaues used
by the program; variables not live a
the same time can share the same
register.

12 Code Emisson Replace the temporary namesin each
meachineingruction with machine
regisers.

.\odulari zdaionistypica of many red compilers. But some compilers combine Parse, Semantic Andysis,
Trandate, and Canonicalize into one phase; others put Instruction Selection much later than we have done, and
combineit with Code Emission. Simple compilers omit the Control Flow Analyss, Data Flow Anadyss, and Register
Allocation phases.

We have designed the compiler in this book to be as smple as possible, but no smpler. In particular, in those places
where corners are cut to Smplify the implementation, the structure of the compiler alowsfor the addition of more
optimization or fancier ssmanticswithout violenceto the existing interfaces.
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1.2 TOOLSAND SOFTWARE

Two of the most useful abstractions used in modern compilers are contextfree grammars, for parsing, and regular
expressions, for lexicd analysis. To make the best use of these abstractionsit is helpful to have specid tools, such as
Yacc (which converts agrammar into aparsing program) and Lex (which converts adeclarative specification into a
lexical-analysis program). Fortunately, such tools are available for Java, and the project described in this book makes
use of them.

The programming projectsin this book can be compiled using any Java compiler. The parser generators JavaCC
and SableCC arefredy available on the Internet; for information see the World Wide Web page

http://uk.cambridge.org/resources/052182060X (outside North America);

http://us.cambridge.org/titles/052182060X.html (within North America).

Source code for some modules of the MiniJava compiler, skeleton source code and support code for some of the
programming exercises, example MiniJava programs, and other useful files are dso available from the same Web
address. The programming exercisesin this book refer to thisdirectory as SMINIJAV A/ when referring to specific
subdirectories and files contained therein.

- . 4 Previous | Mext k
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1.3 DATA STRUCTURESFOR TREE
LANGUAGES

Many of the important data structures used in acompiler are intermediate representations of the program being
compiled. Often these representations take the form of trees, with several node types, each of which has different
attributes. Such trees can occur at many of the phase-interfaces shownin Figure 1.1.

Tree representations can be described with grammars, just like programming languages. To introduce the concepts,
we will show asmple programming language with statements and expressions, but no loops or if-statements (thisis
cdled alanguage of straight-line programs).

The syntax for thislanguageisgivenin Grammar 1.3.

GRAMMAR 1.3: A graight-line programming language.

m; Sm (CompoundStm)
Sm id:= Exp (AssignSm)
Sm print (ExpList) (PrintStm)
Exp id (IdExp)
Exp num (NumExp)
Exp Exp Binop Exp (OpExp)
Exp (Sm, Exp) (EseqExp)
ExpList Exp, ExpList (ParExpLigt)

ExpList Exp (LastExpLigt)



Binop + (Plus)

Binop (Minus)
Binop x (Times)
Binop / (Div)

Theinforma semantics of the language isasfollows. Each Sm is a statement, each Exp isan expression. sl; s2
executes statement s1, then statement 2. | :=e evauatesthe expression e, then "stores' theresult in variable i. print(e
1, €2, , en) displaysthevaues of dl the expressions, evauated |eft to right, separated by spaces, terminated by a
newline

Anidentifier expression, suchas i, yieldsthe current contents of the variable i. A number evauatesto the named
integer. An operator expression el op €2 evauates el, then €2, then applies the given binary operator. And an
expression sequence (s, e) behaveslike the C-language "comma' operator, evauating the statement sfor Sde
effects before evaluating (and returning the result of) the expression e.

For example, executing this program

a :=5+3; b := (print(a, a-1), 10*a); print(b)

prints

8 7
80

How should this program be represented inside a compiler? One representation is sour ce code, the characters that
the programmer writes. But that is not so easy to manipulate. More convenient is atree data structure, with one node
for each statement (Stm) and expression (Exp). Figure 1.4 shows atree representation of the program; the nodes are
labeled by the production labels of Grammar 1.3, and each node has as many children as the corresponding grammar
production hasri ght-rlland-s' de symbols.

wourndSim
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Figure 1.4: Tree representation of astraight-line program.

We can trand ate the grammear directly into data structure definitions, as shown in Program 1.5. Each grammar
symbol corresponds to an abstract classin the data Structures:

Grammar class
Sm Sm
Exp Exp
ExpList ExpLig
id String
num int

PROGRAM 1.5: Representation of straight-line programs.

c abstract class Stm {}

public class CompoundSt m ext ends Stm {
public Stmstnl, stn®;
public CompoundStn(Stm sl, Stms2) {stnml=sl; stnmR=s2;}}

public class AssignStm extends Stm{
public String id; public Exp exp;
public AssignStm(String i, Exp e) {id=i; exp=e;}}

public class PrintStmextends Stm {
publ i c ExpLi st exps;
public PrintStm ExpList e) {exps=e;}}

public abstract class Exp {}

public class |IdExp extends Exp {
public String id;
public IdExp(String i) {id=i;}}

public class NumExp extends Exp {
public int num
public NunExp(int n) {nunen;}}

public class OpExp extends Exp {
public Exp left, right; public int oper;
final public static int Plus=1, Mnus=2, Tinmes=3, D v=4;
public OpExp(Exp I, int o, Exp r) {left=l; oper=o; right=r;}}

public class EseqExp extends Exp {
public Stmstm public Exp exp;
public EseqExp(Stms, Exp e) {stn¥s; exp=e;}}



public abstract class ExpList {}

public class PairExpList extends ExpList {
public Exp head; public ExpList tail;
public PairExpList(Exp h, ExpList t) {head=h; tail=t;}}

public class Last ExpLi st extends ExpList {
public Exp head;
public Last ExpList(Exp h) {head=h;}}

For each grammar rule, thereis one constructor that belongsto the classfor itsleft-hand-side symbol. We smply
extend the abstract classwith a"concrete” class for each grammar rule. The constructor (class) names are indicated
on theright-hand side of Grammar 1.3.

Each grammar rule has right-hand-side components that must be represented in the data structures. The
CompoundStm hastwo Stm's on the right-hand side; the AssignStm has an identifier and an expression; and so on.

These become fields of the subclassesin the Java data structure. Thus, CompoundStm has two fields (also called
instance variables) caled sml and sm2; AssgnStm hasfiedsid and exp.

For Binop we do something simpler. Although we could make aBinop class - with subclasses for Plus, Minus,
Times, Div - thisis overkill because none of the subclasses would need any fidlds. Instead we make an "enumeration”
type (in Java, actually an integer) of constants (find int variables) local to the OpExp class.

Programming style Wewill follow severa conventions for representing tree data structuresin Java
1.
Trees are described by agrammar.
A treeisdescribed by one or more abstract classes, each corresponding to a symbol in the grammar.
Each abstract classis extended by one or more subclasses, one for each grammear rule.
For each nontrivia symbal in the right-hand side of arule, there will be onefield in the corresponding class.
(A trivid symboal isa punctuation symbol such as the semicolon in CompoundStm.)

Every dasswill have acongructor function thet initidizes dl thefieds.

Data gructures are initiadized when they are created (by the constructor functions), and are never modified



after that (until they are eventuadly discarded).
Modularity principlesfor Java programs A compiler can be abig program; careful attention to modules and
interfaces prevents chaos. We will use these principlesin writing acompiler in Java

1.

Each phase or module of the compiler belongsin its own package.

"Import on demand" declarationswill not be used. If aJavafile beginswith
import A.F.*; inport AG*; inport B.*; inport C. *;

then the human reader will have to look outside this file to tell which package definesthe X that isused in
the expression X.put().

"Single-typeimport” declarations are abetter solution. If the module begins

import ALF.W inport AG X, inport B.Y;, import C. Z

then you can tdl without looking outside this file that X comesfrom A.G.

Javais naturdly amultithreaded system. We would like to support multiple s multaneous compiler threads
and compile two different programs smultaneoudy, one in each compiler thread. Therefore, Satic variables
must be avoided unlessthey arefina (constant). We never want two compiler threads to be updating the
same (static) instance of avarigble.
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PROGRAM STRAIGHT-LINE PROGRAM
INTERPRETER

Implement asimple program andyzer and interpreter for the straight-line programming language. This exercise serves
asanintroduction to environments (Symbol tables mapping variable namesto information about the variables); to
abstract syntax (data structures representing the phrase structure of programs); to recursion over tree data
structures, useful in many parts of acompiler; and to a functional style of programming without assgnment
Satements.

It dso servesasa"'warm-up” exercisein Java programming. Programmers experienced in other languages but new to
Java should be able to do this exercise, but will need supplementary materia (such as textbooks) on Java.

Programsto be interpreted are already parsed into abstract syntax, as described by the data typesin Program 1.5.

However, we do not wish to worry about parsing the language, so we write this program by applying data
condructors:

Stmprog =
new CompoundSt m new AssignStm("a",
new OpExp(new NunExp(5),
OpExp. Pl us, new NunExp(3))),
new CompoundSt m( new Assi gnSt m("b",
new EseqExp(new Print St m( new Pai r ExpLi st (new | dExp("a"),
new Last ExpLi st (new OpExp(new | dExp("a"),
OpExp. M nus, new NunExp(1))))),

new OpExp(new NunExp(10), OpExp. Ti nes,
new I dExp("a")))),
new Print St m(new Last ExpLi st (new | dExp("b")))));

Fileswith the data type declarations for the trees, and this sample program, are available in the directory
SMINIJAVA/chapl.

Writing interpreters without side effects (that is, assignment statements that update variables and data structures) isa
good introduction to denotational semantics and attribute grammars, which are methods for describing what
programming languages do. It's often auseful technique in writing compilers, too; compilers are aso in the business of
saying what programming languages do.

Therefore, in implementing these programs, never assign anew vaue to any variable or object field except wheniitis
initidized. For locdl variables, usetheinitidizing form of declaration (for example, int i=j+3;)andfor each class, make
acongructor function (like the CompoundStm constructor in Program 1.5).

1.



Write aJavafunction int maxargs(Stm ) that tells the maximum number of arguments of any print statement
within any subexpression of a given statement. For example, maxargs(prog) is 2.

Write aJavafunction void interp(Stm s) that "interprets’ aprogram in thislanguage. To writein a"functiond
programming” style - in which you never use an assgnment statement - initidize each loca varigble asyou
declareit.

Y our functions that examine each Exp will have to use instanceof to determine which subclass the expression belongs
to and then cast to the proper subclass. Or you can add methods to the Exp and Stm classes to avoid the use of
instanceof.

For part 1, remember that print statements can contain expressions that contain other print statements.

For part 2, make two mutualy recursive functionsinterpStm and interpExp. Represent a"table”, mapping identifiers
to theinteger values assigned to them, asalist of id x int pairs.

class Table {

String id; int value; Table tail;

Table(String i, int v, Table t) {id=i; value=v; tail=t;}
}

Then interpStm is declared as

Table interpStm(Stms, Table t)

taking atable t1 as argument and producing the new table t2 that's just like t1 except that some identifiers map to
different integers as aresult of the statement.

For example, thetable t1 that maps a to 3 and maps c to 4, whichwewrite{a 3, ¢ 4} in mathematica notation,
could be represented asthe linked ligt 12 3 [ 4—>{<[4]]

Now, let thetable t2 bejust like t1, except that it maps c to 7 instead of 4. Mathematically, we could write,
t2 = update (t1, c, 7),
where the update function returnsanew table{a 3, ¢ 7}.

On the computer, we could implement t2 by putting anew cell at the head of the linked list:

7 1 . . .
Lel7[ 4—a[3] 5[4 asiong aswe assumethat the first occurrence of ¢ in the list takes precedence
over any later occurrence.




Therefore, the update function is easy to implement; and the corresponding lookup function

int lookup(Table t, String key)

just searches down the linked list. Of course, in an object-oriented style, int lookup(String key) should be amethod
of the Tableclass.

Interpreting expressionsis more complicated than interpreting statements, because expressions return integer values
and have sde effects. We wish to smulate the straight-line programming language's ass gnment statements without
doing any side effectsin the interpreter itsdlf. (The print statements will be accomplished by interpreter Sde effects,
however.) The solution isto declare interpExp as

class IntAndTable {int i; Table t;
Int AndTabl e(int ii, Table tt) {i=ii; t=tt;}

}
I nt AndTabl e i nterpExp(Exp e, Table t)

Theresult of interpreting an expresson el with table t1isan integer vaue i and anew table t2. When interpreting an
expression with two subexpressons (such as an OpExp), the table t2 resulting from the first subexpression can be
used in processing the second subexpression.
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EXERCISES



11

Thissmple program implements per sistent functiond binary
search trees, so that if tree2=insert(x,treel), then treel is ill
available for lookups even while tree2 can be used.

class Tree {Tree left; String key; Tree right;
Tree(Tree |, String k, Tree r) {left=l; key=k
right=r;}

Tree insert(String key, Tree t) {
if (t==null) return new Tree(null, key, null)
el se if (key.conpareTo(t.key) < 0)
return new
Tree(insert(key,t.left),t.key,t.right);
el se if (key.conpareTo(t.key) > 0)
return new
Tree(t.left,t.key,insert(key,t.right));
el se return new Tree(t.left, key,t.right);

}

a. Implement amember function that returnstrueif the
itemisfound, esefdse.

b. Extend the program to include not just membership, but
the mapping of keysto bindings:

Tree insert(String key, Object binding, Tree t);
bj ect | ookup(String key, Tree t);

c. Thesetrees are not balanced; demonstrate the behavior
on thefollowing two sequences of insertions.

a.

tspipfbst

abcdefghi

*d. Research balanced search treesin Sedgewick [1997]
and recommend a balanced-tree data structure for
functiond symboal tables. Hint: To preserve afunctiona
style, the dgorithm should be one that rebaanceson
insertion but not on lookup, so adata structure such as
splay treesis not appropriate.

e. Rewritein an object-oriented (but till "functiond™)
syle, so that insertion is now t.insert(key) instead of

ineytl,ar N Llint WVArnil'll nand Aan Ervant /T raa - il Ace
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Chapter 2. Lexical Analysis

lex-i-cal: of or relating to words or the vocabulary of alanguage as distinguished from its grammar and congtruction

Webgter's Dictionary
OVERVIEW

To trandate a program from one language into another, acompiler must firgt pull it apart and understand its structure
and meaning, then put it together in adifferent way. The front end of the compiler performs analysis; the back end
does synthesis.

Theandyssisusudly broken upinto

Lexical analysis. bresking theinput into individua words or "tokens';
Syntax analysis. parsing the phrase structure of the program; and
Semantic analysis. caculating the program's meaning.

Thelexica andyzer takes astream of characters and produces a stream of names, keywords, and punctuation
marks; it discards white space and comments between the tokens. It would unduly complicate the parser to haveto
account for possible white space and comments at every possible point; this isthe main reason for separating lexica
andyssfrom parsang.

Lexicd andyssisnot very complicated, but we will attack it with highpowered formalisms and tools, because smilar
formalismswill be useful in the study of parsing and smilar tools have many applicationsin areas other than
compilation.

- . 4 Previous | Mext b
Team-Fly 4



Team-Fly

4 Previous | Mesxt #

21 LEXICAL TOKENS

A lexicd token isasequence of charactersthat can be trested as a unit in the grammar of a programming language. A
programming language classifieslexica tokensinto afinite set of token types. For example, some of the token types
of atypica programming language are

Type Examples

ID foonl4 last

NUM 73000515 082

REAL 66.1 .5 10. 1e67 5.5e-10
IF if

COMMA ,

NOTEQ 1=

LPAREN (

RPAREN )

Punctuation tokens such asIF, VOID, RETURN constructed from aphabetic characters are called reserved words
and, in most languages, cannot be used asidentifiers.

Examples of nontokensare

comment [* try agan*/
preprocessor directive #include<stdio.h>

preprocessor directive #defineNUMS5, 6



macro NUMS

blanks, tabs, and newlines

In languages weak enough to require amacro preprocessor, the preprocessor operates on the source character
stream, producing another character stream that isthen fed to the lexical andyzer. It isaso possbleto integrate
macro processing with lexica anayss.

Given aprogram such as

float matchO(char *s) /* find a zero */
{if (!strncmp(s, "0.0", 3))
return O.;

}

thelexical andyzer will return the stream

FLOAT ID(match0) LPAREN CHAR STAR ID(s) RPAREN
LBRACE |F LPAREN BANG ID(strncnp) LPAREN [D(s)
COWA STRING0.0) COWA NUM3) RPAREN RPAREN
RETURN REAL(0.0) SEM  RBRACE EOF

where the token-type of each token is reported; some of the tokens, such asidentifiers and literas, have semantic
val ues attached to them, giving auxiliary information in addition to the token-type.

How should thelexica rules of aprogramming language be described? In what language should alexical andyzer be
written?

We can describe the lexical tokens of alanguagein English; hereisadescription of identifiersin C or Java

Anidentifier isasequence of letters and digits; the first character must be aletter. The underscore _ countsasa
letter. Upper- and lowercase letters are different. If theinput stream has been parsed into tokens up to agiven
character, the next token is taken to include the longest string of charactersthat could possibly congtitute atoken.
Blanks, tabs, newlines, and comments are ignored except as they serve to separate tokens. Some white spaceis
required to separate otherwise adjacent identifiers, keywords, and constants.

And any reasonable programming language serves to implement an ad hoc lexer. But we will specify lexica tokens
using theforma language of regular expressions, implement lexersusing deterministic finite automata, and use
mathematics to connect the two. Thiswill lead to smpler and more readable lexica andyzers.
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2.2 REGULAR EXPRESSIONS

Let ussay that alanguage isaset of strings; astring isafinite sequence of symbols. The symbolsthemsdvesare
taken from afinite alphabet.

The Pascd language isthe set of dl stringsthat condtitute legal Pasca programs, the language of primesisthe set of
al decimal-digit strings that represent prime numbers; and the language of C reserved wordsisthe set of al
aphabetic strings that cannot be used asidentifiersin the C programming language. Thefirst two of these languages
areinfinite sets; the lastisafinite set. In all of these cases, the dphabet isthe ASCII character set.

When we spesk of languagesin thisway, we will not assign any meaning to the strings; we will just be attempting to
classify each gtring asin the language or not.

To specify some of these (possibly infinite) languages with finite descriptions, we will use the notation of regular
expressions. Each regular expresson stands for a set of strings.

Symbol: For each symbol a in the aphabet of the language, the regular expression a denotes the language containing
justthestring a.

Alternation: Given two regular expressons M and N, the adternation operator written asavertical bar makesa
new regular expresson M N. A gringisinthelanguageof M Nif itisinthelanguage of M or inthelanguage of N.
Thus, thelanguage of a b containsthe two stringsaand b.

Concatenation: Given two regular expressons M and N, the concatenation operator - makes anew regular
expresson M - N. A gringisinthelanguage of M - N if it isthe concatenation of any two strings and such that isin
thelanguage of M and isinthelanguage of N. Thus, theregular expression (a b) - a definesthelanguage containing
the two stringsaaand ba.

Epsilon: Theregular expresson represents alanguage whose only string isthe empty string. Thus, (a - b)
representsthe language{"", "ab"}.

Repetition: Givenaregular expresson M, itsKleene closureis M*. A gringisin M* if it isthe concatenation of
zero or more strings, dl of whicharein M. Thus, ((a b) - a)* representstheinfiniteset {", "ad’, "bd’, "asad’,
"baad’, "agbd', "babd’, "asaaad’, }.

Using symbals, dternation, concatenation, epsilon, and Kleene closure we can specify the set of ASCII characters
corresponding to the lexical tokens of aprogramming language. First, consider some examples:



©O]1*-0 Binary numbersthat are multiples of two.

b*(abb*)*(al) Strings of asand b's with no consecutive as.

(alb)* aa(alb)* Strings of asand b's containing consecutive as.

Inwriting regular expressons, we will sometimes omit the concatenation symbol or the epsilon, and we will assume
that Kleene closure "bindstighter" than concatenation, and concatenation bindstighter than dternation; sothat ab | ¢
means(a- b) | c,and (a]) means(a| ).

Let usintroduce some more abbreviations: [abcd] means(a | b | ¢ | d), [b-g] means[bcdefg], [b-gM -Qkr] means|
bcdefgM NOPQkr ], M?means(M | ), and M+ means (M-M*). These extensions are convenient, but none extend
the descriptive power of regular expressions. Any set of strings that can be described with these abbreviations could
aso be described by just the basic set of operators. All the operators are summarized in Figure 2.1.

. An ordinary character standsfor itself.

The empty string.
Another way to write the empty string.

M|N Alternation, choosing from M or N.

M- N Concatenation, an M followed by an N.
MN Another way to write concatenation.
M* Repetition (zero or moretimes).

M+ Repetition, one or more times.

M? Optional, zero or one occurrence of M.
[a zA Z] Character set dternation.

A period standsfor any single character except newline.



"atr" Quotation, agtring in quotes stands for itself literdly.

. 2.1: Regular expression notation.

Using thislanguage, we can specify the lexica tokens of aprogramming language (Figure 2.2).

| F
![a-zO—Q]* I D

[0-9] + NUM

([0-9]+"."[0-9]*)|([0-9]*"."[0-9] +) REAL

("--"Ta-z]*"\n") | (" "]"\n" Vet + no token, just white space
error

. 2.2: Regular expressonsfor some tokens.

Thefifth line of the description recognizes comments or white space but does not report back to the parser. Instead,
the white space is discarded and the lexer resumed. The comments for thislexer begin with two dashes, contain only
aphabetic characters, and end with newline.

Findly, alexicd specification should be complete, dways matching someinitid substring of the input; we can dways
achievethisby having arule that matches any sngle character (and in this case, printsan "illegd character” error
message and continues).

Theserules are abit ambiguous. For example, doesif8 match asasingleidentifier or as the two tokensif and 8?
Doesthe giring if 89 begin with an identifier or areserved word? There are two important disambiguation rules used
by Lex, JavaCC, SableCC, and other smilar lexica-andyzer generators.

L ongest match: Thelongest initid substring of the input that can match any regular expression istaken asthe next
token.

Rulepriority: For a particular longest initid substring, thefirst regular expresson that can match determinesits
token-type. This meansthat the order of writing down the regular-expression rules has sgnificance.

Thus, if8 matches as an identifier by the longest-match rule, and if matches as areserved word by rule-priority.
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2.3FINITE AUTOMATA

Regular expressions are convenient for specifying lexica tokens, but we need aformalism that can beimplemented as
acomputer program. For thiswe can use finite automata (N.B. the sngular of automata is automaton). A finite
automaton has afinite set of states; edges lead from one state to another, and each edge islabeled with a symbol .
One dateisthe start state, and certain of the states are distinguished as final States.

Figure 2.3 shows some finite automata. We number the statesjust for convenience in discussion. The Sart Sateis
numbered 1 in each case. An edge labeled with severd charactersis shorthand for many pardld edges, sointhelD
meachine there are redly 26 edges each leading from state 1 to 2, each labeled by adifferent letter.

-3 fa=E
1 16 -4 v-8 B-5
h W W -
1 12 J [-F% ]

IF mn NUM

REAL while space CITT

Figure 2.3: Finite automata for lexica tokens. The sates areindicated by circles; fina states are indicated by double
circles. The start state has an arrow coming in from nowhere. An edge labeled with several charactersis shorthand
for many pardld edges.

In a deterministic finite automaton (DFA), no two edges leaving from the same state are labeled with the same
symbol. A DFA accepts or rejects agtring asfollows. Starting in the start Sate, for each character in the input string
the automaton follows exactly one edge to get to the next state. The edge must be labeled with the input character.
After making n trangtionsfor an n-character string, if the automaton isin afina State, then it acceptsthe gtring. If itis
not in afina State, or if at some point there was no appropriately labeled edgeto follow, it rgects. The language
recognized by an automaton isthe set of stringsthat it accepts.

For example, it isclear that any string in the language recognized by automaton 1D must begin with aletter. Any single
letter leads to state 2, which isfind; so asingle-letter string is accepted. From state 2, any letter or digit leads back to
dtate 2, so aletter followed by any number of letters and digitsis aso accepted.

In fact, the machines shown in Figure 2.3 accept the same languages as the regular expressons of Figure 2.2.

These are six separate automata; how can they be combined into asingle machinethat can serve asalexica
analyzer? Wewill study forma ways of doing thisin the next section, but here we will just do it ad hoc: Figure 2.4
shows such amachine. Each find state must be labeled with the token-type that it accepts. State 2 in this machine has
aspects of gate 2 of the IF machine and state 2 of the ID machine; since the latter isfina, then the combined Sate
must befina. State 3 islike state 3 of the IF machine and state 2 of the 1D machine; because these are both final we
use rule priority to disambiguate - we labdl state 3 with |F because we want this token to be recognized as a
reserved word, not an identifier.



Figure 2.4: Combined finite automaton.

We can encode this machine as atrangition matrix: atwo-dimensiona array (avector of vectors), subscripted by
state number and input character. Therewill bea"dead" state (state 0) that loopsto itself on al characters, we use
thisto encode the absence of an edge.

int edges[][] ={ /* ...012...-...e f ghi j... *
/* state 0 */ {0,0,...0,0,0...0...0,0,0,0,0,0...}
/* state 1 */ {0,0,...7,7,7...9...4,4,4,4,2 4. ..}
/* state 2 */ {0,0,...4,4,4...0...4,3,4,4,4,4...}
/* state 3 */ {0,0,...4,4,4...0...4,4,4,4,4,4. ..}
/* state 4 */ {0,0,...4,4,4...0...4,4,4,4,4,4. ..}
/* state 5 */ {0,0,...6,6,6...0...0,0,0,0,0,0...}
/* state 6 */ {0,0,...6,6,6...0...0,0,0,0,0,0...}
/* state 7 */ {0,0,...7,7,7...0...0,0,0,0,0,0...}
/* state 8 */ {0,0,...8,8,8...0...0,0,0,0,0,0...}
et cetera
}

There must also bea"findity" array, mapping state numbersto actions - final state 2 mapsto action ID, and so on.

RECOGNIZING THE LONGEST MATCH

It is easy to see how to use this table to recognize whether to accept or reject astring, but the job of alexical
andyzer isto find the longest match, the longest initid substring of the input that isavalid token. Whileinterpreting
trangtions, thelexer must keep track of the longest match seen so far, and the position of that match.

Keeping track of the longest match just means remembering the last time the automaton wasin afina state with two
variables, Last-Fina (the state number of the most recent find state encountered) and Input-Position-at-L ast-Final.
Every timeafind dateisentered, the lexer updates these variables, when a dead state (anonfind state with no
output trangitions) is reached, the variablestell what token was matched, and where it ended.

Figure 2.5 showsthe operation of alexical anayzer that recognizes|ongest matches, note that the current input
position may be far beyond the most recent position a which the recognizer wasin afind gate.



Last Current Current Accept

Final State Inpaut Action
] 1 I‘LI. - -[Et - &- SOmn
2 2 HE --not-a-com
3 3 R --net-a-con
3 ] i E__- =not =a=-com retrn IF
1] I iff =-not-a-com
12 12 ifl --net-a-cem
12 1] $f T--net-a-cam  found wikile space; resime
o 1 :.I:I--l::uu'..-u.-cun'.
9 ] if |- not -a-com
] 10 if -':I::l_ﬂ. - & - SOl
@ 10 if |Fmet-a-com
o 10 if |-Fnet-a-com
9 11 if -P-I::ll::l'._-rl--:'.-::ln'
9 0 if |Fenet-p-com  ervon iffepal roken - resume
0 1 if I not -a - com
o G if -lpet-a-com
] 1] if E‘P: -8 -cam erroy;, iftesal token °- ' resume

Figure 2.5: The automaton of Figure 2.4 recognizes severd tokens. The symbol | indicates the input position at esch
successive cdl to thelexica analyzer, the symbol indicates the current position of the automaton, and indicatesthe
maost recent position in which the recognizer wasin afind date.
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24 NONDETERMINISTIC FINITE AUTOMATA

A nondeterministic finite automaton (NFA) is one that has a choice of edges - labeled with the same symbal - to
follow out of astate. Or it may have specid edges labeled with (the Greek |etter epsilon) that can be followed
without egting any symbol from theinput.

Hereisan example of an NFA:

Y

!
a a a y a a

r-'f_'{:t.,l.f T o — T j.'”’_""x.( B e -_h"ll,-f \f"a__"‘.ll,ff_j
) <

{ | I} | ] [
L = R S N

In the start state, on input character a, the automaton can move ether right or left. If left is chosen, then strings of as
whose length isamultiple of three will be accepted. If right is chosen, then even-length stringswill be accepted. Thus,
the language recognized by thisNFA isthe set of dl strings of aswhose length isamultiple of two or three.

On thefirgt trandtion, this machine must choose which way to go. It isrequired to accept the string if thereis any
choice of pathsthat will lead to acceptance. Thus, it must "guess’, and must always guess correctly.

Edgeslabeled with may be taken without using up asymbol from theinput. Here is another NFA that acceptsthe
samelanguage:

Y

a a € I\i € a
R N N T N"(--j-f T e M-*II,-—\‘I
] il ] | |
M j\“a__ r o Q\;h___).r' N L S

— a
a

Again, the machine must choose which -edgeto take. If thereis a state with some -edges and some edges labeled

by symbols, the machine can choose to eat an input symbol (and follow the corresponding symbol-labeled edge), or
tofollow an -edgeinstead.

CONVERTING A REGULAR EXPRESSION TO AN NFA

Nondeterministic automata are a useful notion becauseit is easy to convert a (datic, declarative) regular expression
to a(smulatable, quasi-executable) NFA.

The conversion agorithm turns each regular expresson into an NFA with atail (start edge) and a head (ending
date). For example, the single-symbol regular expression a convertsto the NFA

e



Theregular expression ab, made by combining a with b using concatenation, is made by combining the two NFAS,
hooking the head of a to thetail of b. Theresulting machine hasatail labeled by a and ahead into which the b edge
flows.

a b
In generd, any regular expresson M will have some NFA with atail and heed:

We can define the trandation of regular expressionsto NFASs by induction. Either an expression is primitive (asingle
symbol or ) or it ismade from smaler expressons. Similarly, the NFA will be primitive or made from smaler NFAs.

Figure 2.6 showsthe rulesfor trandating regular expressonsto nondeterministic automata. Weillustrate the dgorithm
on some of the expressonsin Figure 2.2 - for thetokens IF, ID, NUM, and error . Each expression istrandated to
an NFA, the "head" dtate of each NFA ismarked find with a different token type, and thetails of dl the expressons
arejoined foanew start node. The result - after some merging of equivalent NFA states - isshownin Figure 2.7.
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Figure 2.6: Trandation of regular expressonsto NFAs. characier —

Figure 2.7: Four regular expressionstrandated to an NFA.

CONVERTING AN NFA TO A DFA

Aswe saw in Section 2.3, implementing deterministic finite automata (DFAS) as computer programsis easy. But
implementing NFAsisabit harder, snce most computers don't have good "guessing” hardware.

We can avoid the need to guess by trying every possibility at once. Let ussmulate the NFA of Figure2.7 onthe
gring in. We gtart in state 1. Now, instead of guessing which -trangtion to take, we just say that at this point the
NFA might take any of them, soitisin one of the states{ 1, 4, 9, 14} ; that is, we compute the -closure of {1}.



Clearly, there are no other states reachable without eating the first character of the input.

Now, we make the transition on the character i. From state 1 we can reach 2, from 4 we reach 5, from 9 we go
nowhere, and from 14 we reach 15. So we have the set f2, 5, 15g. But again we must compute the -closure: From 5
thereisan -transition to 8, and from 8 to 6. So the NFA must be in one of the states{ 2, 5, 6, 8, 15}.

On the character n, we get from state 6 to 7, from 2 to nowhere, from 5 to nowhere, from 8 to nowhere, and from
15 to nowhere. So we havethe set { 7} ; its -closureis{6, 7, 8}.

Now we are & the end of the string in; isthe NFA in afina state? One of the statesin our possible-states set is 8,
whichisfind. Thus, inisan ID token.

Weformally define -closure asfollows. Let edge(s, ¢) bethe set of all NFA states reachable by following asingle
edgewith labd ¢ from sate s.

For aset of states S, closure(S) isthe set of states that can be reached from a state in Swithout consuming any of
theinput, that is, by going only through -edges. Mathematically, we can express the idea of going through -edges by
saying that closure(S) istheamallest set T such that

T=SU (U edge(s, n) :

sel

We can cdculate T by iteration:
I35
repeat ' « T
T T Ui, edge(s. €))
until 7 = 77

Why does this agorithm work? T can only grow in each iteration, sothefind T mugtinclude S If T =T after an
iteration step, then T must diso indlude U< €dge(s. €) Fingly, the dgorithm must terminate, because there are
only afinite number of digtinct satesin the NFA.

Now, when smulating an NFA as described above, supposeweareinaset d ={g; sk; d} of NFA states 5 ; sk; 9.
By garting in d and eating the input symbol ¢, we reach anew set of NFA states; well cal this set DFAedge(d; c):
DFAedge(d. c) = clnsum:Uedg&m e))

vl

Usng DFAedge, we can write the NFA smulation adgorithm more formaly. If the sart sate of the NFA is sl, and
theinput stringis cl, , ck, thenthedgorithmis
o «— closure({s|})
fori « 1tok
i — DFAedgeid, ;)

Manipulating sets of statesis expensive - too costly to want to do on every character in the source program that is
being lexicaly analyzed. But it is possibleto do al the sets-of-states cal culations in advance. We make a DFA from
the NFA, such that each set of NFA states correspondsto one DFA gtate. Since the NFA has afinite number n of
dates, the DFA will so have afinite number (at most 2n) of States.



DFA congruction is easy once we have closure and DFAedge dgorithms. The DFA dtart state d1isjust closure(s
1), asinthe NFA smulation agorithm. Abstractly, thereisan edge from di to dj labeed with cif dj = DFAedge(di,

c). Welet bethe aphabet.
states|0] < {};  states[ 1] « closure({s;})

p—1 j«0
while j = p
foreachc e ¥
¢ «— DFAedge(states| /], ¢)
if e = states[/] for some i < p
then trans| j. c] <« i
else p — p+ 1
states[p]| — ¢
trans|j.c] — p
J=Ji+l

The dgorithm does not visit unreachable states of the DFA. Thisis extremely important, becausein principle the
DFA has 2n states, but in practice we usualy find that only about n of them are reachable from the start sate. It is
important to avoid an exponentia blowup in the Sze of the DFA interpreter's trangition tables, which will form part of
theworking compiler.

A gate disfinal inthe DFA if any NFA satein stateq d] isfind inthe NFA. Labeling agtate final isnot enough; we
must also say what token isrecognized; and perhaps severd members of stateq d] arefind inthe NFA. Inthiscase
welabel d with the token-type that occurred firgt in the list of regular expressionsthat condtitute the lexica
gpecification. Thisishow rule priority isimplemented.

After the DFA is congtructed, the "states' array may be discarded, and the "trans” array isused for lexica andyss.

Applying the DFA construction agorithm to the NFA of Figure 2.7 givesthe automaton in Figure 2.8.
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Figure 2.8: NFA converted to DFA.

Thisautomaton is suboptimal. Thar[ is, it isnot the smal Ieﬁ one that recognizesthe same Ianguage I n generd we say

accepts Th|S|scertanIytrueof the States labeled [2:0:8:13 and in Figure 2.8, and of the states |abeled
and . In an automaton with two equivaent states s1 and s2, we can make dl of s2's

incoming edges point to sl instead and delete 2.

How can wefind equivaent sates? Certainly, sl and 2 are equwdent if they are both fina or both nonfina and, for

any symbal ¢, trang sl, c] =trang <2, c; |ID L1.13, IS|and -satls‘ythlscrltenon. But thisconditionisnot
sufficiently generd; consider the automaton




Here, states 2 and 4 are equivalent, but trang 2, a] trang4, aj.

After condructing aDFA it isuseful to goply an dgorithm to minimizeit by finding equivaent dates, see Exercise 2.6.
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25 LEXICAL-ANALYZER GENERATORS

DFA congtruction isamechanical task easly performed by computer, so it makes sense to have an automatic
lexical-analyzer generator to trandate regular expressionsinto aDFA.

JavaCC and SableCC generate lexica analyzers and parsers written in Java. Thelexical andyzers are generated from
lexical specifications; and, as explained in the next chapter, the parsers are generated from grammars.

For both JavaCC and SableCC, the lexical specification and the grammar are contained in the samefile.

JAVACC

Thetokens described in Figure 2.2 are specified in JavaCC as shown in Program 2.9. A JavaCC specification starts
with an optiona list of optionsfollowed by a Java compilation unit enclosed between PARSER BEGIN(name) and
PARSER_END(name). The same name must follow PARSER_BEGIN and PARSER_END; it will be the name of
the generated parser (MyParser in Program 2.9). The enclosed compilation unit must contain aclass declaration of
the same name as the generated parser.

PROGRAM 2.9: JavaCC specification of the tokensfrom Figure 2.2.

R BEG N( MyPar ser)

ass MyParser {}

PARSER_END( MyPar ser)

/* For the regul ar expressions on the right, the token on the left will be returned:/*

TOKEN : {
<IF "if" >
| <#DGET: ["0"-"9"] >
| <ID ["a"-"2z"] (["a"-"z"]|<DAdT>) >
| < NUM (<DIGAT>)+ >
| < REAL: ( (<DIAT>)+ "." (<DIGAT>)* ) |
( (<DAT>)* "." (<DIAT>)+ )>
}
/* The regul ar expressions here will be skipped during |exical analysis: */
SKIP : {
<'--" o (["a"-"z"1)* ("\n" | "\r" | "\r\n")>
|
[ "\t
| "\n"
}

/* 1f we have a substring that does not match any of the regular expressions in TOKEN
or SKIP,

JavaCC wil |l automatically throw an error. */
void Start() :

{}
{ ( <IF>| <ID>| <NUM> | <REAL> )* }




Nextisalist of grammar productions of thefollowing kinds: a regular-expression production defines atoken, a
token-manager declaration can be used by the generated lexical andyzer, and two other kinds are used to define
the grammar from which the parser is generated.

A lexical specification uses regular-expression productions; there are four kinds: TOKEN, SKIP, MORE, and
SPECIAL_TOKEN. Wewill only need TOKEN and SKIP for the compiler project in this book. The kind TOKEN
is used to specify that the matched string should be transformed into atoken that should be communicated to the
parser. The kind SKIP is used to specify that the matched string should be thrown away.

In Program 2.9, the specifications of ID, NUM, and REAL use the abbreviation DIGIT. The definition of DIGIT is
preceeded by # to indicate that it can be used only in the definition of other tokens.

Thelast part of Program 2.9 beginswith void Start. Itisa production which, in this case, adlows the generated lexer
to recognize any of the four defined tokensin any order. The next chapter will explain productionsin detall.

SABLECC

Thetokens described in Figure 2.2 are specified in SableCC as shown in Program 2.10. A SableCC specification
filehas 9x sections (dl optiond):

1.

Package declaration: specifiesthe root package for al classes generated by SableCC.

Helper declarations. alist of abbreviations.

State declarations: support the state feature of, for example, GNU FLEX; when the lexer isin some State,
only the tokens associated with that state are recognized. States can be used for many purposes, including
the detection of abeginning-of-line state, with the purpose of recognizing tokens only if they appear at the
beginning of aline. For the compiler described in this book, states are not needed.

Token declarations. each oneis used to specify that the matched string should be transformed into atoken
that should be communicated to the parser.

Ignored tokens: each oneis used to specify that the matched string should be thrown away.

Productions. are used to define the grammar from which the parser is generated.

PROGRAM 2.10: SableCC specification of the tokens from Figure 2.2.




Hel pers
digit =['0".."9"];

Tokens

if ="'if";

id=1["a.."z'](['"a".."z2'] | (digit))*;

nunber = digit+;

real = ((digit)+ "'." (digit)*) |
((digit)* "." (digit)+);

whitespace = (" ' | "\t'" | "\n")+

comments = ('--' ['a".."'z2'"]* '"\n");

I gnored Tokens
whi t espace,
coment s;
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PROGRAM LEXICAL ANALYSIS

Write the lexica-analysis part of a JavaCC or SableCC specification for MiniJava. Appendix A describes the syntax
of MiniJava. The directory

$M NI JAVA/ chap2/ j avacc

contains atest-scaffolding file Main,javathat callsthe lexer generated by javacc. It dso containsa README file that
explains how to invoke javacc. Similar files for sablecc can be found in $MINIJAV A/chap2/sablecc.
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FURTHER READING

Lex wasthefirst lexica-anayzer generator based on regular expressions[Lesk 1975]; it isstill widely used.

Computing -closure can be done more efficiently by keeping aqueue or stack of states whose edges have not yet
been checked for -transtions[Aho et d. 1986]. Regular expressions can be converted directly to DFAs without
going through NFAs [McNaughton and Y amada 1960; Aho et al. 1986].

DFA trangtion tables can be very large and sparse. If represented as a ssmple two-dimensiona matrix (states x
symbols), they take far too much memory. In practice, tables are compressed; this reduces the amount of memory
required, but increases the time required to look up the next state [Aho et a. 1986].

Lexica anayzers, whether automatically generated or handwritten, must manage their input efficiently. Of course,
input is buffered, so that alarge batch of charactersis obtained at once; then the lexer can process one character at a
timein the buffer. The lexer must check, for each character, whether the end of the buffer isreached. By putting a
sentingl - acharacter that cannot be part of any token - at the end of the buffer, it is possible for the lexer to check
for end-of-buffer only once per token, instead of once per character [Aho et a. 1986]. Gray [1988] uses a scheme
that requires only one check per line, rather than one per token, but cannot cope with tokens that contain end-of-line
characters. Bumbulis and Cowan [1993] check only once around each cyclein the DFA; this reduces the number of
checks (from once per character) when there are long pathsin the DFA.

Automatically generated lexica andyzers are often criticized for being dow. In principle, the operation of afinite
automaton is very smple and should be efficient, but interpreting from transition tables adds overhead. Gray [1988]
showsthat DFAstrandated directly into executable code (implementing states as case statements) can run asfast as
hand-coded lexers. The Flex "fast lexica-analyzer generator” [Paxson 1995] is sgnificantly faster than Lex.

- . 4 Previous | Mext b
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EXERCISES

2.1 Writeregular expressions for each of the following.
a.
Strings over the alphabet { a, b, ¢} wherethefirst a precedesthefirst b.
Strings over the dphabet { a, b, ¢} with an even number of a's.
Binary numbersthat are multiples of four.
Binary numbersthat are greater than 101001.

Stringsover the dphabet { a, b, ¢} that don't contain the contiguous substring baa.

The language of nonnegative integer congtantsin C, where numbers beginning with O are octal congtants
and other numbers are decima constants.

Binary numbers n such that there exists an integer solution of an+bn = cn.
2.2 For each of the following, explain why you're not surprised that thereis no regular expression defining it.
a.

Stringsof a'sand b's where there are more a'sthan b's.

Stringsof a'sand b'sthat are palindromes (the same forward as backward).



Syntactically correct Java programs.

2.3 Explanininforma English what each of these finite-State automata recognizes.

: >(3) : '\J__"

Cn
Tk
KW

2.4 Convert these regular expressions to nondeterministic finite automata.
a.

(ifthenlel se)

a((bla*c)x)*jx*a

2.5 Convert these NFAs to determinitic finite automata.

b.

“(?—-@—*@*@
( Dan O
| éL@%‘ ~©®
.—»@—-0—-@—*.

c



2.6 Find two equivdent statesin the following automaton, and merge them to produce asmaler automaton
that recognizes the same language. Repesat until there are no longer equivaent sates.
1

iand X, Y areineguivalent. After thisiteration ceasesto find new pairs of inequivalent states, then X; Y
are equivaent if they are not inequivaent. See Hopcroft and Ullman [1979], Theorem 3.10.

*2.7 Any DFA that accepts at |east one string can be converted to aregular expression. Convert the DFA of
Exercise 2.3cto aregular expression. Hint: First, pretend state 1 isthe start state. Then write aregular
expression for excursionsto state 2 and back, and asimilar one for excursions to state 0 and back. Or look
in Hoperoft and Ullman [1979], Theorem 2.4, for the algorithm.

*2.8 Suppose this DFA were used by Lex to find tokensin an inpuit file.
0-9

How many characters past the end of atoken might Lex have to examine before matching the token?

Given your answer K to part (&), show an input file containing at least two tokens such that the first call
to Lex will examine k characters past the end of the first token before returning the first token. If the
answer to part (@) iszero, then show an input file containing at least two tokens, and indicate the endpoint
of each token.

2.9 Aninterpreted DFA-based lexica analyzer usestwo tables,

edgesindexed by state and input symbol, yielding a state number, and final indexed by state, returning O or an
action-number.

Starting with thislexica specification,



(aba) + (action 1);

(a(b*)
(al b)

a) (action 2);
(action 3);

generate the edges and find tablesfor alexica andyzer.

Then show each step of the lexer on the string abaabbaba. Be sure to show the values of the important
interna variables of the recognizer. Therewill be repeated calsto the lexer to get successive tokens.

**2.10 Lex hasalookahead operator / so that the regular expression abc/def matches aboc only when
followed by def (but def isnot part of the matched string, and will be part of the next token(s)). Aho et d.
[1986] describe, and Lex [Lesk 1975] uses, an incorrect algorithm for implementing lookahead (it fails on
(aab)/bawith input aba, matching ab where it should match a). Flex [Paxson 1995] uses a better mechanism
that works correctly for (alab)/ba but fails (with awarning message) on zx* /xy*.

Design a better |ookahead mechanism.

Team-Fly
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Chapter 3. Parsing

syn-tax: the way in which words are put together to form phrases, clauses, or sentences.

Webgter's Dictionary
OVERVIEW

The abbreviation mechanism discussed in the previous chapter, whereby a symbol standsfor some regular
expression, is convenient enough that it istempting to useit in interesting ways:

digits = [0 — 9]+

sum = (digits "+ digits

These regular expressions define sums of the form 28+301+9.

But now consider

digity = [0 = 9]4-

sum = oexpr '+ expr

expr =" (" sum™)" | digits

Thisismeant to define expressions of the form:

(109+23)
61
(1+(250+3))

inwhich al the parentheses are balanced. But it isimpossible for afinite automaton to recognize bal anced
parentheses (because amachine with N states cannot remember a parenthesis-nesting depth greater than N), so
dearly sum and expr cannot be regular expressions.

So how does alexical andyzer implement regular-expression abbreviations such as digits? The answer isthat the
right-hand-side ([0-9]+) is smply substituted for digits wherever it appearsin regular expressions, before trandation
to afinite automaton.

Thisisnot possible for the sum-and-expr language; we can first subgtitute sum into expr, yidding

expr =" " expr=+" expr )" | digits
f i f 4

but now an attempt to subgtitute expr into itsdlf leadsto



A

exp =0T e ST e ) | dfigins )T expe ) | dligirs

and theright-hand side now has just as many occurrences of expr asit did before - in fact, it has more!

Thus, the notion of abbreviation does not add expressive power to the language of regular expressions - there are no
additiond languages that can be defined - unlessthe abbreviations are recursive (or mutualy recursive, asare sum
and expr).

The additiona expressive power gained by recurson isjust what we need for parsing. Also, once we have

abbreviations with recursion, we do not need aternation except at the top level of expressions, because the definition
expr = ablc | de

can aways be rewritten using an auxiliary definition as
awy =c¢ | d
expr=a b aux e

Infact, instead of using the dternation mark at al, we can just write severd dlowable expansonsfor the same

symboal:
ay =
ay =d

expr=a b aux e

The Kleene closure is not necessary, sSince we can rewrite it so that
expr = (a bc)*

becomes
expr = (a f o) expr
expr =«

What we haveleft isavery smple notation, called context-free grammars. Just as regular expressions can be used
to definelexica sructurein agtatic, declarative way, grammars define syntactic structure declaratively. But we will
need something more powerful than finite automata to parse languages described by grammars.

In fact, grammars can a so be used to describe the structure of lexicd tokens, athough regular expressions are
adequate - and more concise - for that purpose.
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3.1 CONTEXT-FREE GRAMMARS

Asbefore, we say that a language isaset of strings; each string isafinite sequence of symbols taken from afinite
alphabet. For parsing, the strings are source programs, the symbols are lexica tokens, and the dphabet is the set of
token-types returned by the lexicd analyzer.

A context-free grammar describes alanguage. A grammar hasaset of productions of theform

symbol symbol symbol symbol

where there are zero or more symbols on the right-hand side. Each symbol iseither terminal, meaning that itisa
token from the alphabet of stringsin the language, or nonterminal , meaning that it appears on the left-hand side of
some production. No token can ever gppear on the left-hand side of a production. Findly, one of the nonterminalsis
distinguished asthe start symbol of the grammar.

Grammar 3.1 isan example of agrammar for straight-line programs. The start symbal is S (when the start symbal is
not written explicitly it is conventiona to assumethat the Ieft-hand nonterminal in thefirgt production isthe sart
symbal). Thetermina symbolsare

idprint num + () :=;

GRAMMAR 3.1: A syntax for straight-line programs.

SSS
2.

Sidi=E

S print (L)

E id

E num

EE+E



E(SE)

L E

LLE

and thenonterminalsare S E, and L. One sentence in the language of thisgrammar is

id:=num id:=id + (id := num+ num id)

where the source text (before lexica analysis) might have been

7.

a: ;
c+(d: =5+6, d

b :

The token-types (termina symbols) areid, num, :=, and so on; the names (a,b,c,d) and numbers (7, 5, 6) are
semantic val ues associated with some of the tokens.

DERIVATIONS

To show that this sentenceisin the language of the grammar, we can perform a derivation: Start with the sart
symbol, then repeetedly replace any nontermina by one of its right-hand sides, as shown in Derivation 3.2.

DERIVATION 3.2

id:=num;id:=E

id:=num;id:=E+E

id:=num;id:=E+ (S E)



id:=num;id:=id+ (S E)

id:=num;id:=id+(id:=E, E)

id:=num;id:=id+(id:=E+E, E)

id:=num;id:=id+ (id:=E+ E, id)

id:=num;id:=id+ (id:=num+ E, id)

id:=num;id:=id+ (id := num + num, id)

There are many different derivations of the same sentence. A leftmost derivation isoneinwhich the leftmost
nontermina symbol isawaysthe one expanded; in arightmost derivation, the rightmost nontermind isawaysthe
next to be expanded.

Derivation 3.2 isneither leftmost nor rightmost; aleftmost derivation for this sentence would begin,

id:=num; S

id:=num;id:=E

id:=num;id:=E+E



PARSE TREES

A parse tree ismade by connecting each symbol in aderivation to the one from which it was derived, as shownin
Figure 3.3. Two different derivations can have the same parse tree.

i
Irffl‘xj | I
| . I
.l: ﬁlm
f”l“‘x !
1

Tl mny

Figure 3.3: Parsetree.

AMBIGUOUS GRAMMARS

A grammar is ambiguous if it can derive asentence with two different parse trees. Grammar 3.1 isambiguous, Snce
the sentenceid := id+id+id hastwo parse trees (Figure 3.4).

i T
I b IS

| | I I
1 wul 1 1l

Figure 3.4: Two parse treesfor the same sentence using Grammar 3.1.

Grammar 3.5 isalso ambiguous, Figure 3.6 shows two parse trees for the sentence 1-2-3, and Figure 3.7 shows two
treesfor 1+2* 3. Clearly, if we use parse treesto interpret the meaning of the expressions, the two parse treesfor
1-2-3 mean different things. (1 2) 3D 4versus1 (2 3) D 2. Smilarly, (1 +2) x 3isnotthesameas1 + (2 x 3).
And indeed, colmpilers do use parsetrees toII derive meaning.

I/,—-"" I! ‘\\I I! |I Ir.,,/"l!. ‘\\I‘
| I [ I

Figure 3.6: Two parse trees for the sentence 1-2-3 in Grammar 3.5.
I

I//’!'\.\\I I"f‘/ll\‘\"‘l-

Figure 3.7: Two parse treesfor the sentence 1+2* 3 in Grammar 3.5.
GRAMMAR 3.5

E id



E num

EE*E

E E/E

EE+E

EEE

E (E)

MAR 3.8

EE+T

EET

ET

TT*F

TT/F

TF

F id

F num

F (B)




Therefore, ambiguous grammars are problematic for compiling: In genera, we would prefer to have unambiguous
grammars. Fortunately, we can often transform ambiguous grammars to unambiguous grammars.

Let usfind an unambiguous grammar that accepts the same language as Grammar 3.5. First, wewould like to say
that * binds tighter than +, or has higher precedence. Second, we want to say that each operator associatesto
the left, sothat weget (1 2) 3instead of 1 (2 3). Wedo this by introducing new nontermina symbolsto get
Grammar 3.8.

ThesymbolsE, T, and F stand for expression, term, and factor ; conventiondly, factors are things you multiply and
terms are things you add.

This grammar accepts the same set of sentences as the ambiguous grammar, but now each sentence has exactly one
parse tree Grammar 3.8 can never produce parse trees of theform shown in Figure 3.9 (see Exercise 3.17).

/l\ /|\

Figure 3.9: Parsetreesthat Grammar 3.8 will never produce.

Had we wanted to make * associate to the right, we could have written itsproductionas T F * T.

We can usudly diminate ambiguity by transforming the grammar. Though there are some languages (sets of strings)
that have ambiguous grammars but no unambiguous grammar, such languages may be problematic as programming
languages because the syntactic ambiguity may lead to problemsin writing and understanding programs.

END-OF-FILE MARKER

Parsers must read not only termina symbols such as+, , num, and so on, but aso the end-of-file marker. We will
use $ to represent end of file,

Suppose Sisthe start symbol of agrammar. To indicate that $ must come after acomplete S-phrase, we augment
the grammar with anew start symbol Sand anew production S S$.

In Grammar 3.8, E isthe start symbol, so an augmented grammar is Grammar 3.10.

GRAMMAR 3.10

SES$

EE+T



EET

ET

TT*F

TTI/F

TF

Fid
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3.2PREDICTIVE PARSING

Some grammars are easy to parse using asmple algorithm known as recursive descent. In essence, each grammar
production turns into one clause of arecursive function. We illugtrate this by writing a recursive-descent parser for
Grammar 3.11.

GRAMMAR 3.11

Sif Ethen Sd= S

S begin SL

S print E

L end

L ;SL

E num=num

A recursive-descent parser for thislanguage has one function for each nonterminal and one clause for each
production.

final int |F=1, THEN=2, ELSE=3, BEGQ N=4, END=5, PRI NT=6,
SEM =7, NUMES, EQ=9:

int tok = getToken();

voi d advance() {tok=get Token();}
void eat(int t) {if (tok==t) advance(); else error();}

void S() {switch(tok) {

case |F: eat(IF); E(); eat(THEN); S();
eat (ELSE); S(); break;

case BEG N eat(BEGAN); S(); L(); break;
case PRINT: eat(PRINT); E(); break;
default: error();
1}

void L() {switch(tok) {
case END: eat (END); break;
case SEM: eat(SEM); S(); L(); break;
default: error();



1}
void E() { eat(NUM; eat(EQ; eat(NUM; }

With suitable definitions of error and getToken, this program will parse very nicdly.

Emboldened by success with this smple method, let ustry it with Grammar 3.10:

void S() { E(); eat(EOF); }

void E() {switch (tok) {
case ?: E(); eat(PLUS); T(); break;
case ?: E(); eat(MNUS); T(); break;
case ?: T(); break;
default: error();

1}
void T() {switch (tok) {

case ?: T(); eat(TIMES); F(); break;
case ?: T(); eat(DV); F(); break;
case ?: F(); break;

default: error();

1

Thereisa conflict here: The E function has no way to know which clause to use. Consider the strings (1* 2-3)+4
and (1* 2-3). In the former case, theinitid cal to E should usethe E E + T production, but the latter case should use
ET.

Recursive-descent, or predictive, parsing works only on grammars where the first terminal symbol of each
subexpression provides enough information to choose which production to use. To understand this better, we will
formalize the notion of FIRST sets, and then derive conflict-free recursive-descent parsers using asimple algorithm.

Just aslexica andyzers can be constructed from regular expressions, there are parser-generator toolsthat build
predictive parsers. But if we are going to use atool, then we might aswell use one based on the more powerful
LR(1) parsing dgorithm, which will be described in Section 3.3.

Sometimes it'sinconvenient or impossible to use a parser-generator tool. The advantage of predictive parsing isthat
the algorithm is smple enough that we can use it to construct parsers by hand - we don't need automatic tools.

FIRST AND FOLLOW SETS

Givenadtring of termind and nontermina symbols, FIRST( ) isthe set of dl termina symbolsthat can begin any
string derived from . For example, let = T * F. Any string of termina symbols derived from must start with id, num,
or (. Thus, FIRST(T * F) ={id, num, (}.

If two different productions X 1and X 2 havethe samelefthand-side symbol (X) and their right-hand sdes have
overlapping FIRST sts, then the grammar cannot be parsed using predictive parsing. If sometermina symbol | isin
FIRST( 1) and dso in FIRST( 2), then the X function in arecursive-descent parser will not know what to do if the
input tokenis .



The computation of FIRST setslooksvery smple: If = XY Z, it seemsasif Yand Z can beignored, and FIRST(X)
isthe only thing that matters. But consider Grammar 3.12. Because Y can produce the empty string - and therefore X
can produce the empty string - we find that FIRST(X Y Z) must include FIRST(Z). Therefore, in computing FIRST
sets, we must keep track of which symbols can produce the empty string; we say such symbols are nullable. And
we must keep track of what might follow anullable symbal.

GRAMMAR 3.12

Zd

Z XYZ

XY

X a

With respect to a particular grammear, given astring of terminas and nonterminals,

nullable(X) istrueif X can derivethe empty string.

FIRST() isthe set of terminalsthat can begin strings derived from .

FOLLOW(X) isthe set of termindsthat can immediately follow X. That is, t FOLLOW(X) if thereisany
derivation containing Xt. Thiscan occur if the derivation contains X 'Y Zt where Y and Z both derive .

A precise definition of FIRST, FOLLOW, and nullableisthat they are the smallest setsfor which these properties
hold:

For each termind symbol Z, FIRST[Z] ={Z}.



for each production X' — ¥ 15 - ¥y
if ¥y ... ¥, are all nullable (or if £ = 0)
then nullable[X'] = true
for each i from | to k, each j from i+ 1 tok
if ¥, ... Y_, are all nullable {or ifi = 1}
then FIRST[.X] = FIRST[.X] U FIRST[Y;]

if ¥,4y -~ - Y are all nullable (or if i = k)
then FOLLOW[Y,] = FOLLOW]Y,] U FOLLOW][X|
if Yigop oo - ¥,y are all nullable (or ifi +1 = j)

then FOLLOW[Y;] = FOLLOW[};] U FIRST[Y;]

Algorithm 3.13 for computing FIRST, FOLLOW, and nullable just follows from these facts, we smply replace each

equation with an assignment statement, and iterate.

ALGORITHM 3.13: Iterative computation of FIRST, FOLLOW, and nullable.

thmto compute FIRST, FOLLOW, and nullable.

Initidlize FIRST and FOLLOW to al empty sets, and nullableto al false.

for each term nal synbol Z
FIRST[Z] {Z}
r epeat
for each production X Y1Y2 ... Yk
if YL ... Yk are all nullable (or if k = 0)
then nul | abl e[ X] true
for each i from1lto k, each j fromi + 1 to k

if YL... Yi-1 are all nullable (or if i =1)
then FIRST[X] FIRST[X] FIRST[Yi ]

if Yi+1 ... YKk are all nullable (or if i = K)
then FOLLONYi] FOLLONYi]  FOLLON X

if Yi+1 ... Y -1 are all nullable (or if i + 1

then FOLLONYi] FOLLONYi] FIRST[ Y]

:J)

until FIRST, FOLLOWN and nullable did not change in this iteration.

Of course, to make thisagorithm efficient it hel psto examine the productionsin the right order; see Section 17.4.

Also, the three relations need not be computed s multaneoudy; nullable can be computed by itself, then FIRST, then

FOLLOW.

Thisisnot thefirst time that agroup of equations on sets has become the a gorithm for calculating those sets; recall
the algorithm on page 28 for computing -closure. Nor will it be the last time; the technique of iteration to afixed
point is applicablein dataflow analysisfor optimization, in the back end of acompiler.

We can gpply thisagorithm to Grammar 3.12. Initidly, we have:
nullable  FIRST  FOLLOW

no
no
no

N

Inthefirg iteration, wefind that a FIRST[X], Yisnullable, ¢ FIRST[Y], d FIRST[Z], d FOLLOWI[X], c

FOLLOW[X], d FOLLOW[Y]. Thus



nullable FIRST FOLLOW
no a cd
yes C d
no d

N

In the second iteration, wefind that X isnullable, ¢ FIRST[X],{&; ¢} FIRST[Z],{a, c,d} FOLLOWI[X],{4a, c, d}
FOLLOWIY]. Thus
nullable  FIRST  FOLLOW

X yes ac acd
¥ yes c acd
4 no acd

Thethird iteration finds no new information, and the algorithm terminates.

Itisuseful to generdize the FIRST rdation to strings of symbols:
FIRST(X) = FIRST[X] if not nullable] X]
FIRST(X ) =FIRST[X] FIRST() if nullable] X]

and amilarly, we say that astring isnullableif each symbal in isnullable.

CONSTRUCTING A PREDICTIVE PARSER

Congder arecursve-descent parser. The parsing function for some nontermina X has a clause for each X
production; it must choose one of these clauses based on the next token T of theinput. If we can choose the right
production for each (X, T), then we can write the recursive-descent parser. All the information we need can be
encoded as atwo-dimensiond table of productions, indexed by nonterminals X and terminds T. Thisscdleda
predictive parsing table.

To congtruct thistable, enter production X inrow X, column T of thetablefor each T FIRST(). Also, if is
nullable, enter the productioninrow X, column T for eech T FOLLOWI[ X].

Figure 3.14 shows the predictive parser for Grammar 3.12. But some of the entries contain more than one

production! The presence of duplicate entries meansthat predictive parsing will not work on Grammar 3.12.
a ¢ d

XN—a ) )
x XN —= ] X—=7
X—=Y
Y —
Y Y — Y —
Y — ¢
. : . L —d
z L= XYZ L= XYZ 7 XY7

Figure 3.14: Predictive parsng table for Grammar 3.12.



If we examine the grammar more closdly, we find that it is ambiguous. The sentence d has many parse trees, including:
z £

! I
I I
d

An ambiguous grammar will alwayslead to duplicate entriesin a predictive parsing table. If we need to usethe
language of Grammar 3.12 as a programming language, we will need to find an unambiguous grammar.

Grammars whose predictive parsing tables contain no duplicate entriesare called LL (1). Thisstandsfor left-to-right
parse, leftmost-derivation, 1-symbol lookahead. Clearly arecursve-descent (predictive) parser examinesthe
input left-to-right in one pass (some parsing agorithms do not, but these are generally not useful for compilers). The
order in which a predictive parser expands nonterminals into right-hand sides (thet is, the recursive-descent parser
cdlsfunctions corresponding to nonterminds) isjust the order in which aleftmost derivation expands nonterminals.
And arecursive-descent parser doesits job just by looking at the next token of the input, never looking more than
one token ahead.

We can generdlize the notion of FIRST setsto describe the first k tokens of a string, and to make an LL(K) parang
table whose rows are the nonterminals and columns are every sequence of k terminas. Thisisrarely done (because
thetables are so large), but sometimes when you write a recursive-descent parser by hand you need to look more
than one token ahead.

Grammars parsable with LL(2) parsing tables are caled LL(2) grammars, and smilarly for LL(3), etc. Every LL(1)
grammar isan LL(2) grammar, and so on. No ambiguous grammar is LL(K)forany k.

ELIMINATING LEFT RECURSION

Suppose we want to build a predictive parser for Grammar 3.10. The two productions
E—=F+ T

E—T
are certain to cause duplicate entriesin the LL (1) parsing table, snce any token in FIRST(T) will dso bein FIRST(E

+ T). The problemisthat E appears asthefirg right-hand-side symbol in an E-production; thisis called |eft
recursion. Grammarswith left recurson cannot be LL(2).

To diminate left recursion, we will rewrite using right recursion. We introduce anew nonterminad E , and write
E—=TFE

EF'—=4+TFE
£ —

Thisderivesthe same set of strings (on T and +) asthe original two productions, but now thereis no left recursion.

In generd, whenever we have productions X X and X , where doesnot start with X, we know that this derives
grings of theform *, an followed by zero or more . So we can rewrite the regular expression using right recursion:



X= Xy X—>aod

_,;‘[- — )l_,. y: /1” — CI"E ..-'.{I-'l
Y o = | X' —= 1 X
Jk' | X' = pnX
h X' -

Applying thistransformation to Grammear 3.10, we obtain Grammar 3.15.

GRAMMAR 3.15

SES$

ETE

E+TE

TFT

T*FT

TIFT

F (B)

To build apredictive parser, first we compute nullable, FIRST, and FOLLOW (Table 3.16). The predictive parser
for Grammar 3.15 isshownin Table 3.17.



.16: Nullable, FIRST, and FOLLOW for Grammar 3.15.
nullable FIRST FOLLOW

Ay no { id num

E no { 1d num [
E' yes + - ) s

T no { id num ) +-%
T yes */ I+-%
F no { id num y¥/+-8

.17: Predictive parsing table for Grammar 3.15. We omit the columnsfor num, /, and -, asthey are smilar to

inthetable.
* * id L 15

[ o

50 §— ES 5 ES

E E—~TE E—=TE

E | EE=4+TE E= E=
T T—FT' T—FT

r T'— =FT M= 7I-=
e

F—id F—={E)

!:T FACTORING

We have seen that |eft recursion interferes with predictive parsing, and that it can be diminated. A smilar problem
occurs when two productions for the same nontermina start with the same symbols. For example:

§— if Ethen Selse §

S — if £Ethen &

In such acase, we can left factor the grammar - that is, take the dlowable endings (dlse Sand ) and make anew
nontermina X to stand for them:

S = ifEthen § X

A —

X = else §

Theresulting productionswill not pose a problem for a predictive parser. Although the grammar is till ambiguous -
the parsing table has two entries for the same dot - we can resolve the ambiguity by using the else S action.

ERROR RECOVERY

Armed with a predictive parsing table, it is easy to write arecursive-descent parser. Hereis arepresentative fragment
of aparser for Grammar 3.15:

void T() {switch (tok) {
case I D
case NUM
case LPAREN. F(); Tprime(); break;
default: error!
1}
void Tprine() {switch (tok) {
case PLUS: break;
case TIMES: eat(TIMES); F(); Tprime(); break;
case ECF: break;



case RPAREN: break;
default: error!

H}

A blank entry inrow T, column x of the LL (1) parsing table indicates that the parsing function T() does not expect to
seetoken x - thiswill be asyntax error. How should error be handled? It is safe just to raise an exception and quit
parsing, but thisis not very friendly to the user. It is better to print an error message and recover from the error, so
that other syntax errors can be found in the same compilation.

A syntax error occurs when the string of input tokensis not a sentence in the language. Error recovery isaway of
finding some sentence smilar to that string of tokens. This can proceed by deleting, replacing, or inserting tokens.

For example, error recovery for T could proceed by inserting a num token. It's not necessary to adjust the actua
input; it sufficesto pretend that the num was there, print amessage, and return normally.

void T() {switch (tok) {
case | D
case NUM
case LPAREN. F(); Tprime(); break;
default: print("expected id, num or left-paren");

H}

It'sabit dangerous to do error recovery by insertion, becauseif the error cascades to produce another error, the
process might loop infinitely. Error recovery by deletion is safer, because the loop must eventuadly terminate when
end-of-fileis reached.

Simplerecovery by deetion works by skipping tokens until atoken in the FOLLOW set isreached. For example,
error recovery for T could work likethis:

int Tprime_follow [] = {PLUS, RPAREN, EOCF};

void Tprine() { switch (tok) {
case PLUS: break;
case TIMES: eat(TIMES); F(); Tprime(); break;
case RPAREN: break;
case ECF: break;
default: print("expected +, *, right-paren,
or end-of-file");
skipto(Tprime_follow);
H}

A recursive-descent parser's error-recovery mechanisms must be adjusted (sometimes by tria and error) to avoid a
long cascade of error-repair messages resulting from asingle token out of place.
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3.3LR PARSING

Theweskness of LL(K) parsing techniquesisthat they must predict which production to use, having seen only the
firg k tokens of the right-hand side. A more powerful technique, LR(k) parsing, is able to postpone the decision until
It has seen input tokens corresponding to the entire right-hand side of the production in question (and k moreinput
tokens beyond).

LR(k) standsfor left-to-right parse, rightmost-derivation, k-token lookahead. The use of arightmost derivation
seems odd; how isthat compatible with aleft-to-right parse? Figure 3.18 illustrates an L R parse of the program

a. =7;
b: =c+(d: =5+6, d)
Ak Frigavt
ilg
i i !B
i i
';.'_' , S
5o ) [ RET-a

z
(=T~ + N - T =R = Ry = PR P < T A+

W e e e e b b e
: g R Rl s [t

FEEa
SEEEEEEEE

i g G

T T T -
CRERE R R R R
W
-

Figure 3.18: Shift-reduce parse of asentence. Numeric subscriptsin the Sack are DFA state numbers; see Table
3.19. B
usng Grammar 3.1, augmented with anew start production S S$.

The parser hasa stack and an input. Thefirg k tokens of the input are the lookahead. Based on the contents of the
stack and the lookahead, the parser performs two kinds of actions:

Shift: Move thefirst input token to the top of the stack.

Reduce: Chooseagrammar rule X AB C; pop C, B, A from the top of the stack; push X onto the stack.

Initidly, the stack is empty and the parser is at the beginning of theinput. The action of shifting the end-of-file marker
$iscaled accepting and causes the parser to stop successfully.



In Figure 3.18, the stack and input are shown &fter every step, along with an indication of which action has just been
performed. The concatenation of stack and input is aways one line of arightmost derivation; in fact, Figure 3.18
shows the rightmost derivation of the input string, upside-down.

LR PARSING ENGINE

How doesthe LR parser know when to shift and when to reduce? By using adeterministic finite automaton! The
DFA isnot applied to the input - finite automata are too weak to parse context-free grammars - but to the stack. The
edges of the DFA arelabeled by the symbals (terminas and nonterminas) that can appear on the stack. Table 3.19
isthetrangtion tablefor Grammar 3.1.

I L] :

F3.19: LR parsing table for Grammar 3.1.

1% ahll aldl X 1
P L] & ad
X rd rd rd red rd

T I
(&) a1 [

.z—:merftsin thetrangtion table are labeled with four kinds of actions:

sn Shift into Sate n;
gn Goto gtate n;

rk Reduce by rule k;
a Accept;

Error (denoted by ablank entry in the table).

To usethistablein parsing, treat the shift and goto actions as edges of a DFA, and scan the stack. For example, if
thestack isid := E, then the DFA goesfrom state 1 to 4 to 6 to 11. If the next input token isasemicolon, then the ;"
columnin state 11 saysto reduce by rule 2. The second rule of the grammar is S id:=E, so the top three tokens are
popped from the stack and Sis pushed.



Theaction for "+" in state 11 isto shift; so if the next token had been + instead, it would have been eaten from the
input and pushed on the stack.

Rather than rescan the stack for each token, the parser can remember instead the state reached for each stack
element. Then the parsing dgorithmis

Look up top stack state, and input symbol, to get action; If actionis
Shift(n): Advance input one token; push n on stack.

Reduce(k): Pop stack as many times as the number of symbolson
theright-hand Sde of rule k;

Let X betheleft-hand-side symbal of rule k;
In the state now on top of stack, look up X to get "goto n

Push n on top of stack.
Accept: Stop parsing, report success.
Error: Stop parsing, report failure.

LR(0) PARSER GENERATION

AnLR(k) parser usesthe contents of its stack and the next k tokens of the input to decide which action to take. Table
3.19 shows the use of one symbol of lookahead. For k = 2, the table has columns for every two-token sequence and
soon; inpractice, k > 1isnot used for compilation. Thisis partly because the tableswould be huge, but more
because most reasonable programming languages can be described by LR(1) grammars.

LR(0) grammars are those that can be parsed looking only at the stack, making shift/reduce decisions without any
lookahead. Though this class of grammarsistoo week to be very useful, the dgorithm for constructing LR(0) parsing
tablesisagood introduction to the LR(1) parser construction agorithm.

Wewill use Grammar 3.20 to illustrate LR(0) parser generation. Consider what the parser for this grammar will be
doing. Initidly, it will have an empty stack, and theinput will be acomplete S-sentence followed by $; that is, the
right-hand side of the Srulewill be on theinput. Weindicatethisas S .S$ where the dot indicates the current
position of the parser.

GRAMMAR 3.20




SSH

S (L)

LS

LLS

Inthis state, where the input beginswith S, that meansthat it beginswith any possibleright-hand sideof an S
-production; we indicate that by

|
S — 5%
5 = .x
S — (L)

Cdll thisgtate 1. A grammar rule, combined with the dot that indicates apostion initsright-hand sde, iscalled an
item (specificdly, an LR(0) item). A Stateisjust aset of items.

Shift actions In state 1, consider what happensif we shift an x. Wethen know that the end of the stack has an x; we
indicate that by shifting the dot past the x inthe S X production. Therules S .S$and S .(L) areirrdlevant to this
action, so weignore them; weend up in Sate 2:

2
5 — x.

Or in date 1 consder shifting aleft parenthesis. Moving the dot past the parenthesisin thethird itemyields S (.L),
where we know that there must be aleft parenthesis on top of the stack, and the input begins with some string
derived by L, followed by aright parenthesis. What tokens can begin the input now? Wefind out by including al L
-productionsin the set of items. But now, in one of those L-items, the dot isjust beforean S, so we need to include
dl the Sproduc}i ons

8§ — (L)
L — L. .8
L— .5
§— (L)
S —= 5

Goto actions In gate 1, consider the effect of parsing past some string of tokens derived by the Snontermind. This
will happen when an x or |eft parenthesisis shifted, followed (eventudly) by areduction of an S-production. All the
right-hand-side symbols of that production will be popped, and the parser will execute the goto action for Sin Sate
1. The effect of this can be smulated by moving the dot past the Sin thefirgt item of sate 1, yidding state 4:

4
8= 55

Reduce actions In state 2 we find the dot at the end of an item. This means that on top of the stack there must be a
complete right-hand side of the corresponding production (S x), ready to reduce. In such a state the parser could




perform areduce action.

The basic operations we have been performing on states are closure(l) and goto(l, X), where | isaset of itemsand
Xisagrammar symbol (termina or nonterminad). Closur e adds more itemsto aset of itemswhen thereisadot to
the left of anontermind; goto moves the dot past the symbol X indl items,

Closure(l) = Goto(l, X) =
r epeat set J to the enpty set
for any itemA X in | for any itemA X in |
for any production X add A X toJ
I I {x .} return C osure(J)
until | does not change.
return |

Now hereisthe agorithm for LR(0) parser consgtruction. Firgt, augment the grammar with an auxiliary sart
production S S3. Let T bethe set of states seen so far, and E the set of (shift or goto) edges found so far.

Initialize T to {dosure({S ©S$1)}
Initialize E to enpty.
r epeat
for each state I in T
for each itemA X in |
let J be Goto(l, X)
T T {3

E E {I *** J}
until E and T did not change in this iteration

However, for the symbol $ we do not compute Goto(l; $); instead we will make an accept action.

For Grammar 3.20 thisisillusraedin Fi gure 3.21.

. (= & L .
S = . 855% I i ] . X - 'IL = L..5
. | | . =
a5 = AL I y = = L} . 1 » L%
5 X 5 =%
5 I
\ S (L.}
| [| s L5
5 5, |l

|3 =L}

Figure 3.21: LR(0) statesfor Grammar 3.20.

Now we can compute set Rof LR(0) reduce actions.

R {3}
for each state | in T
for each item A in |

R R {(I, A )}

We can now congtruct a parsing table for this grammar (Table 3.22). For each edge { S where Xisatermind,
we put the action shift J at postion (I, X) of thetable; if X isanontermind, we put goto J at postion (I, X). For
each dtate | containinganitem S S$we put an accept action a (1, $). Findly, for agtate containing anitem A .



(production n with the dot at the end), we put a reduce n action a (1, Y) for every token Y.

F3.22: LR(0) parsing tablefor Grammar 3.20.
( ) .

1 X . 5 5 I
| 33 52 4
2 2 2 rl 2 2
k) 33 52 e7 g5
4 H
5 s =8
4] rl rl rl rl rl
T r3 r3 ] r3 r3
b3 33 &2 9
9 4 4 r4 4 4

.ci ple, snce LR(0) needs no lookahead, we just need asingle action for each state: A state will shift or reduce,
but not both. In practice, since we need to know what state to shift into, we have rows headed by state numbers and
columns headed by grammar symbols.

SLR PARSER GENERATION

Let usattempt to build an LR(0) parsing table for Grammar 3.23. The LR(0) states and parsing table are shown in
Figure3.24.

GRAMMAR 3.23

SES$

ET+E

= # F == T+E

Figure 3.24: LR(0) states and parsing table for Grammar 3.23.

In gate 3, on symbol +, thereisaduplicate entry: The parser must shift into state 4 and also reduce by production 2.
Thisisaconflict and indicates that the grammar isnot LR(0) - it cannot be parsed by an LR(0) parser. Wewill need
amore powerful parsng agorithm.



A smpleway of constructing better-than-LR(0) parsersiscaled SLR, which stands for smple LR. Parser
congruction for SLR isamogt identicd to that for LR(0), except that we put reduce actionsinto the table only where
indicated by the FOLLOW <.

Hereisthe dgorithm for putting reduce actionsinto an SLR table:

R {}
for each state | in T
for each itemA .in |l
for each token X in FOLLON A)
R R {(I, X A )}

Theaction (I, X, A ) indicatesthat in state |, on lookahead symbol X, the parser will reduce by rule A .

Thus, for Grammar 3.23 we use the same LR(0) state diagram (Figure 3.24), but we put fewer reduce actionsinto
the SLR table, as shown in Figure 3.25.

X + b E T
1 55 g2 a3
2 a
3 54 r2
4 55 g6 o3
3 3 r3
&) rl

Figure 3.25: SLR parsing table for Grammar 3.23.

The SLR class of grammarsis precisay those grammars whose SLR parsing table contains no conflicts (duplicate
entries). Grammar 3.23 belongsto this class, as do many useful programming-language grammars.

LR(1) ITEMS; LR(1) PARSING TABLE

Even more powerful than SLR isthe LR(1) parsing agorithm. Most programming languages whose syntax is
describable by a context-free grammar have an LR(1) grammar.

The dgorithm for constructing an LR(1) parsing tableissimilar to that for LR(0), but the notion of an item ismore
sophigticated. An LR(1) item congists of a grammar production, a right-hand-side position (represented by the
dot), and a lookahead symbol . Theideaistha anitem (A ., X) indicates that the sequence ison top of the stack,
and at the head of theinput isa string derivable from x.

AnLR(1) stateisaset of LR(1) items, and there are Closur e and Goto operationsfor LR(1) that incorporate the
|ookahead:

Cosure(l) = Goto(l, X) =
r epeat 3 {}
for any item (A X, z) in | for any item (A X, z) in|



for any production X add (A X , z) toJ

for any w FIRST( 2) return Cosure(J).
LT X, W)
until | does not change

return |

The gart state isthe closure of theitem (S .S $, ?), where the lookahead symbol ?will not matter, because the
end-of-file marker will never be shifted.

The reduce actions are chosen by this agorithm:

R {3}
for each state | in T
for each item (A ., z) in |

R R {(I, z, A )}

Theaction(l, z, A ) indicatesthat in Sate |, on lookahead symboal z, the parser will reduce by rule A .

Grammar 3.26 isnot SLR (see Exercise 3.9), but it isin the class of LR(1) grammars. Figure 3.27 showsthe LR(1)
dates for this grammar; in thefigure, where there are severa items with the same production but different lookahead,
asat left below, we have abbreviated as a right:

S'— .8% 7 §—= . 5% 7
S—=.V=F£ 8§ §—=.V=E %
S —=.E 8 5 = . £ b
E— .V 5 E—= .V %
- . x 5 V — . x .=
[)'_\._*_E S P-—}.*E $u=
I — X =
F— % F =
5 5.5 2 =V.=F 1% ! g » V=_E ;4
.. E—= V. 3 A $
"‘,‘ ‘;/ ::"" .4 b’ X £
2 .58 : A o - E 5 2 |V > "E %
" ral
5 Vv=E 3 L —— rar E
5 -».E s E—=V = ‘/- 5 '\' £ sl
!"_ W $ . '\._,-'f ™
/ b 5. L E=|8F . ¥
V> .E  $= « A rr |
'y g P (AT ' Y s ™
* N X - = | =
,..1' " E % . ! Vo= % % |-
O |E==.v LN 5= |12 V=."E §
= LK 3 IE
+ 3 ¥
bl B Eslv e, s [v E s |

Figure 3.27: LR(1) statesfor Grammar 3.26.
GRAMMAR 3.26: A grammar capturing the essence of expressions, variables, and pointer-dereference (by the *)

oiator inthe C language.

S S$



VvV * E

The LR(1) parsng table derived from this state graph is Table 3.28a. Wherever the dot is at the end of a production
(asinstate 3 of Figure 3.27, whereit isat the end of production E V'), then thereisa reduce action for that
production in the LR(1) table, in the row corresponding to the state number and the column corresponding to the
lookahead of theitem (in this case, the lookahead is $). Whenever the dot isto the | eft of aterminad symbol or
nonterminal, thereis a corresponding shift or goto action in the LR(1) parsing table, just astherewould beinan
LR(0) table.

F3.28: LR(1) and LALR(1) parsing tables for Grammar 3.26.

S 8 o

i s s [
|

1
4 | 5

Kl ihe LALR:1

!_ R(1) PARSING TABLES

LR(1) parsng tables can be very large, with many states. A smadler table can be made by merging any two states
whoseitems areidentica except for lookahead sets. The result parser iscaled an LALR(1) parser, for lookahead
LR(D).

For example, theitemsin states 6 and 13 of the LR(1) parser for Grammar 3.26 (Figure 3.27) areidenticd if the
lookahead sets are ignored. Also, states 7 and 12 are identical except for lookahead, as are states 8 and 11 and
states 10 and 14. Merging these pairs of Sates givesthe LALR(1) parsing table shownin Table 3.28b.

For some grammars, the LALR(1) table contai ns reduce-reduce conflicts where the LR(1) table has none, but in
practice the difference matterslittle. What does matter isthat the LALR(1) parsing table requires|ess memory to
represent than the LR(1) table, since there can be many fewer states.

HIERARCHY OF GRAMMAR CLASSES



A grammar issaidto be LALR(2) if its LALR(1) parsing table contains no conflicts. All SLR grammars are
LALR(l) but not vice versa. Figure 3.29 sh showsthe relationship between severd classes of grammars.
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Figure 3.29: A hierarchy of grammar classes.

Any reasonable programming language hasa LALR(1) grammar, and there are many parser-generator tools available
for LALR(1) grammars. For this reason, LALR(1) has become a standard for programming languages and for

automatic parser generators.
LR PARSING OF AMBIGUOUS GRAMMARS

Many programming languages have grammar rulessuch as

Sif Ethen Sd= S
SifEthenS
S other

which alow programssuch as

if athenif b then sl else s2

Such aprogram could be understood in two ways:

(1) if athen { if b then sl else s2}
(2) if athen { if b then s1} else s2

In most programming languages, an ese must match the most recent possible then, so interpretation (1) iscorrect. In



the LR paraing table there will be ashift-reduce conflict:

5 — if E then §. else
S—=ifEthen §.else &  (am)

Shifting correspondsto interpretation (1) and reducing to interpretation (2).

The ambiguity can be diminated by introducing auxiliary nonterminas M (for matched statement)and U (for
unmatched statement):

SM

Su

M if Ethen M ese M

M other

U ifEthenS

UifEthenMdse U

But instead of rewriting the grammar, we can leave the grammar unchanged and tol erate the shift-reduce conflict. In
congtructing the parsing table this conflict should be resolved by shifting, Snce we prefer interpretation (1).

It is often possible to use ambiguous grammars by resolving shift-reduce conflictsin favor of shifting or reducing, as
appropriate. But it is best to use this technique sparingly, and only in cases (such as the dangling-el se described
here, and operator-precedence to be described on page 74) that are well understood. Most shift-reduce conflicts,
and probably all reduce-reduce conflicts, should not be resolved by fiddling with the parsing table. They are
symptoms of an ill-specified grammar, and they should be resolved by diminating ambiguities.
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3.4 USING PARSER GENERATORS

Thetask of constructing a parser is Smple enough to be automated. In the previous chapter we described the
lexical-anayzer aspects of JavaCC and SableCC. Here we will discuss the parser-generator aspects of these tools.
Documentation for JavaCC and SableCC are available via this book's Web site.

JAVACC

JavaCCisan LL(K) parser generator. Productions are of the form:

void Assignment() : {} { ldentifier() "=" Expression() ";" }

where the left-hand side is Assignment(); the right-hand side is enclosed between the last two curly brackets;
Assgnment(), Identifier(), and Expresson() are nontermind symbols, and "=" and";" aretermind symbols.

Grammar 3.30 can be represented as a JavaCC grammar as shown in Grammar 3.31. Noticethat if we had written
the production for StmList() in the style of Grammar 3.30, that is,

void Stnlist() :

{}
{ stm()
| Stnlist( ) ";" Stm()

}

GRAMMAR 3.30

P L

Sid:=id

S whileiddo S

S begin L end

Sifidthen S

Sifidthen S S



LS

LL;S

MAR 3.31: JavaCC verson of Grammar 3.30.

R BEG N( MyPar ser)
blic class MyParser {}
PARSER_END( MyPar ser)

SKIP :
{ n n

TOKEN :
{ < WHLE "while" >

[ "\t" | "\n" }

| < BEG@N:. "begin" >
| < END: "end" >

| < DO "do" >

| <IF "if" >

| < THEN. "then" >

| < ELSE: "el se" >

| < SEM: ";" >

| < ASSIGN "=" >

| <I1D ["a"-"z"](["a"-"2"] | ["0"-"9"])* >
}

voi d Prog()

{}

{ StnlList() <EOCF> }
void Stnlist()

{}

{ Stm() StnlistPrime() }

void StnlistPrine()

{}

{ (";" stnm() StnListPrime() )? }
void Stm()

{}

{ <ID>"=" <ID>

| "while" <ID> "do" Stm()

| "begin" Stnlist() "end"

| LOOKAHEAD(5) /* we need to | ookahead till we see "else" */
"if" <ID> "then" Stm()

| "if" <ID> "then" Stn() "else" Stm()

}

then the grammar would be |eft recursive. In that case, JavaCC would give the following error:

Left recursion detected: "StnList... --> StnlList..."

We used the techniques mentioned earlier to remove the left recursion and arrive a Grammar 3.31.



SABLECC

SableCCisan LALR(1) parser generator. Productions are of the form:

assignment = identifier assign expression semcolon ;

where the |eft-hand s deis assgnment; the right-hand side is enclosed between = and ;; assgnment, identifier, and
expression are nontermina symbols; and assign and semicolon are termind symbolsthat are defined in an earlier part
of the syntax gpecification.

Grammar 3.30 can be represented as a SableCC grammar as shown in Grammar 3.32. When thereis more than one
aternative, SableCC requiresanamefor each dternative. A nameisgiven to an dternative in the grammar by
prefixing the dternative with an identifier between curly brackets. Also, if the same grammar symbol appearstwicein
the same alternative of aproduction, SableCC requiresanamefor at least one of the two elements. Element names
are specified by prefixing the e ement with an identifier between square brackets followed by a colon.

GRAMMAR 3.32; SabhleCC verson of Grammar 3.30.

S

ile = "while';

begin = 'begin';

end = "end';

do = 'do’';

if ='if";

then = "then';

else = 'else';

sem ="';"';

assign = '=";

whitespace = (* ' | "\t'" | "\n" )+

id=['a.."z'](['a.."2'] | ['0".."9"])%;
I gnored Tokens

whi t espace;
Producti ons

prog = stnlist;

stm= {assign} [left]:id assign [right]:id |
{while} while id do stm|
{begi n} begin stmist end |
{if _then} if id then stm|
{if _then_ else} if id then [true_stnj:stmelse [false_stn]:stm

stmist = {stnt} stm|
{stntlist} stmist sem stm

SableCC reports shift-reduce and reduce-reduce conflicts. A shift-reduce conflict is a choice between shifting and
reducing; areduce-reduce conflict isachoice of reducing by two different rules.

SableCC will report that the Grammar 3.32 has a shift-reduce conflict. The conflict can be examined by reading the
detailed error message SableCC produces, as shown in Figure 3.33.

./reduce conflict in state [stack: TIf TId TThen PStm *] on TEl se in {



[ PStm= TIf TId TThen PStm* TElse PStm] (shift),
[ PStm= TIf TId TThen PStm* ] followed by TEl se (reduce)

}

. 3.33: SableCC shift-reduce error message for Grammar 3.32.

SableCC prefixes productions with an uppercase P and tokens with an uppercase T', and replacesthefirst letter
with an uppercase when it makes the objects for the tokens and productions. Thisis what you see on the stack in the
error messagein Figure 3.33. So on the stack we have tokensfor if, id, then, and a production that matches astm,
and now we have an else token. Clearly thisrevedsthat the conflict is caused by the familiar dangling else.

In order to resolve this conflict we need to rewrite the grammar, removing the ambiguity asin Grammar 3.34.

GRAMMAR 3.34. SableCC productions of Grammar 3.32 with conflicts resolved.

ctions
prog = stmlist;

stm= {stmwi thout _trailing substn}
stmw thout _trailing_substm |
{while} while id do stm]|
{if_then} if id then stm|
{if_then_else} if id then stmno_short_if
else [false_stm:stm

stmno_short _if = {stmw thout trailing_substni
stmw thout _trailing_substm |
{while_no_short _if}
while id do stmno_short if |
{if_then_el se_no_short_if}
if id then [true_stn]:stmno_short if
else [fals_stn]:stmno_short_if;

stmwi thout trailing_substm= {assign} [left]:id assign [right]:id |
{begi n} begin stmist end ;
stmist = {stm} stm]| {stntlist} stnlist sem stm

PRECEDENCE DIRECTIVES

No ambiguous grammar isLR(K) for any k; the LR(K) parsing table of an ambiguous grammar will dways have
conflicts. However, ambiguous grammars can still be useful if we can find waysto resolve the conflicts.

For example, Grammar 3.5 ishighly ambiguous. In using this grammear to describe a programming language, we
intend it to be parsed so that * and = bind more tightly than + and , and that each operator associatesto the left. We
can expressthis by rewriting the unambiguous Grammar 3.8.

But we can avoid introducing the T and F symbolsand their associated "trivid” reductionsE Tand T F. Instead, let
us start by building the LR(1) parsing table for Grammar 3.5, asshown in Table 3.35. Wefind many conflicts. For
example, in state 13 with lookahead + we find a conflict between shift into state 8 and reduce by rule 3. Two of
theitemsin state 13 are



E—+ E =& E. ER
E—-E.+ E feiy)

.35: LR parsing tablefor Grammar 3.5.

id num + - { ] ] :

| [ s2 53 o} o
2 rl rl rl rl rl rl

3 2 r2 [ 74 r2 2 12

4 | =2 & w s
5 b

3 T v 7 7 i 7

7 =8 s =12 s14 ]

8 | w2 53 w4 w9
9 EL T alies 2125 s14.85 [ [

10 42 a3 w4 gll
11 sHrh s1ihph 512t =14y rh i
12 52 53 w kS
13 2803 slihrd 21203 =l4,r3 (] 3
14 52 ] s gls
15 i <_3.r-|_ s]fl.r-i- <_I2._r-|_ =14 0] 4

.statethetopof thestack is E * E. Shiftingwill leadtoastack E* E+andeventudly E* E + Ewitha
reduction of E + E to E. Reducing now will lead to the tack E and then the + will be shifted. The parse trees

obtained by shifting and reducing are
E E

T an
P N
Shift Reduce

If wewish * to bind tighter than +, we should reduce instead of shift. So wefill the (13, +) entry in the table with r3
and discard the B action.

Conversdly, in state 9 on lookahead *, we should shift instead of reduce, so we resolve the conflict by filling the (9,
*) entry with s12.

The casefor state 9, lookahead + is

E=E+ E. +
E—-E.+ E fany)

Shifting will make the operator right-associative; reducing will make it leftassociative. Since we want |eft associativity,
wefill (9, +) with r5.

Condder theexpression a b c. In most programming languages, this associates to the left, asif written (a b) c. But
suppose we believe that this expression isinherently confusing, and we want to force the programmer to put in
explicit parentheses, either (a b) cor a (b c). Then we say that the minus operator is nonassociative, and we
would fill the (11, ) entry with an error entry.

Theresult of al these decisonsisaparsng tablewith al conflictsresolved (Table 3.36).

.3.36: Conflictsof Table 3.35 resolved.



9 s S 512 s1d
11 ‘aa 512 514
13 r3 T3 r3 ]

15 4 4

las precedence directives to indicate the resolution of this class of shift-reduce conflicts. (Unfortunatdly,
SableCC does not have precedence directives.) A series of declarations such as

precedence nonassoc EQ NEQ
precedence left PLUS, M NUS;
precedence left TIMES, DIV,
precedence right EXP;

indicatesthat + and - are left-associative and bind equally tightly; that * and / are | eft-associative and bind more
tightly than +; that is right-associative and binds most tightly; and that = and are nonassociative, and bind more
weskly than +.

In examining a shift-reduce conflict such as

E—-ExE. !
E—-E.+ E fany)

thereisthe choice of shifting a token and reducing by a rule. Should the rule or the token be given higher priority?
The precedence declarations (precedence | eft, etc.) give prioritiesto the tokens; the priority of aruleisgiven by the
last token occurring on the right-hand side of that rule. Thus the choice hereis between arule with priority * and a
token with priority +; the rule has higher priority, so the conflict isresolved in favor of reducing.

When the rule and token have equal priority, then aleft precedence favors reducing, right favors shifting, and
nonassoc yields an error action.

Instead of using the default "rule has precedence of itslast token”, we can assign aspecific precedenceto arule using
the %prec directive. Thisis commonly used to solve the "unary minus' problem. In most programming languages a
unary minus binds tighter than any binary operator, so 6* 8isparsedas(6) * 8, not (6* 8). Grammar 3.37 shows
anexample.

GRAMMAR 3.37: Y acc grammar with precedence directives.

clarations of yylex and yyerror %
oken | NT PLUS M NUS TI MES UM NUS
%start exp

% eft PLUS M NUS
%eft TIMES

% eft UM NUS

%%

exp : INT
| exp PLUS exp
| exp M NUS exp



| exp TIMES exp
| MNUS exp %orec UM NUS

The token UMINUS is never returned by the lexer; it'sjust a placeholder in the chain of precedence declarations.
The directive %prec UMINUS gives the rule exp::= MINUS exp the highest precedence, so reducing by thisrule
takes precedence over shifting any operator, even aminus sign.

Precedence rules are hel pful in resolving conflicts, but they should not be abused. If you have trouble explaining the
effect of aclever use of precedence rules, perhapsinstead you should rewrite the grammar to be unambiguous.

SYNTAX VERSUSSEMANTICS

Condder aprogramming language with arithmetic expressions such as x + y and boolean expressions such as x +
y = zor a&(b = c¢). Arithmetic operators bind tighter than the boolean operators; there are arithmetic variables and
boolean variables; and a boolean expression cannot be added to an arithmetic expression. Grammar 3.38 givesa
gyntax for thislanguage.

GRAMMAR 3.38: Y acc grammar with precedence directives.

-n I D ASSI GN PLUS M NUS AND EQUAL
slart stm

eft OR
% eft AND
%eft PLUS
%%

stm: | D ASSI GN ae
| I'D ASSI GN be

be : be OR be
| be AND be
| ae EQUAL ae
| ID

ae : ae PLUS ae
| 1D

The grammar has areduce-reduce conflict. How should we rewrite the grammar to diminate this conflict?

Here the problem is that when the parser sees an identifier such as a, it has no way of knowing whether thisisan
arithmetic variable or aboolean variable - syntacticaly they look identical. The solution isto defer thisandysis until
the"semantic” phase of the compiler; it's not aproblem that can be handled naturaly with context-free grammars. A
more gppropriate grammar is

Sid: E



Eid

EE&E

EE=E

EE+E

Now the expression a + 5& b issyntacticaly legd, and alater phase of the compiler will haveto rgect it and print a
semantic error message.
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3.5 ERROR RECOVERY

LR(k) parsing tables contain shift, reduce, accept, and error actions. On page 58 we claimed that when an LR parser
encounters an error action it tops parsing and reports failure. This behavior would be unkind to the programmer,
who would liketo have all the errorsin her program reported, not just the first error.

RECOVERY USING THE ERROR SYMBOL

Local error recovery mechanismswork by adjusting the parse stack and the input at the point where the error was
detected in away that will allow parsing to resume. Oneloca recovery mechanism - found in many versons of the

Y acc parser generator - usesaspecia error symbol to control the recovery process. Wherever the specia error
symbol appearsin agrammar rule, asequence of erroneous input tokens can be matched.

For example, inaY acc grammar we might have productions such as

exp ID
exp exp + ext

exp (exps)

exps exp

eXps exps ; exp
Informally, we can specify that if asyntax error isencountered in the middle of an expression, the parser should skip

to the next semicolon or right parenthesis (these are called synchronizing tokens) and resume parsing. We do thisby
adding error-recovery productions such as

exp (error)

exps error ; exp

What does the parser generator do with the error symbol? In parser generation, error isconsdered atermind



symbol, and shift actions are entered in the parsing table for it asif it were an ordinary token.

When the LR parser reaches an error dtate, it takesthe following actions:
1

Pop the stack (if necessary) until astate is reached in which the action for the error token is shift.

Shiftthe error token.

Discard input symbols (if necessary) until alookahead is reached that has anonerror action in the current
dete.

Resume norma parsing.

Inthetwo error productionsillustrated above, we have taken care to follow the error symbol with an appropriate
synchronizing token - in this case, aright parenthesis or semicolon. Thus, the "nonerror action” taken in step 3 will
aways shift. If instead we used the production exp error, the "nonerror action” would be reduce, and (inan SLR
or LALR parser) it ispossible that the original (erroneous) lookahead symbol would cause another error after the
reduce action, without having advanced the input. Therefore, grammar rulesthat contain error not followed by a
token should be used only when thereisno good dternative.

Caution
One can attach semantic actions to
Y acc grammar rules, whenever aruleis
reduced, its semantic action is
executed. Chapter 4 explainsthe use of
semantic actions. Popping states from
the stack can lead to seemingly
"impossble’ semantic actions,
especidly if the actions contain Side
effects. Consider this grammar fragment:

statenents: statenents exp

SEM COLON
| statenments error
SEM COLON
| /* enpty */
exp : increment exp decrenent
| I'D

i ncrenent: LPAREN {:
nest =nest +1; :}
decrement: RPAREN {:
nest =nest-1; :}

"Obvioudy" it istrue that whenever asemicolon isreached, the value of nestis zero, becauseit isincremented and



decremented in abaanced way according to the grammar of expressions. But if asyntax error isfound after some
left parentheses have been parsed, then states will be popped from the stack without "completing” them, leading to a
nonzero vaue of nest. The best solution to this problem isto have side-effect-free semantic actions that build abstract
syntax trees, as described in Chapter 4.

Unfortunately, neither JavaCC nor SableCC support the error-symbol errorrecovery method, nor the kind of global
error repair described below.

GLOBAL ERROR REPAIR

Global error repair findsthe smalest set of insertions and deletions that would turn the source string into a
syntacticaly correct string, even if the insertions and deletions are not at a point where an LL or LR parser
would first report an error.

Burke-Fisher error repair Wewill describe alimited but useful form of globa error repair, which triesevery
possible single-token insertion, deletion, or replacement at every point that occurs no earlier than K tokens before the
point where the parser reported the error. Thus, with K = 15, if the parsing engine gets stuck at the 100th token of
the input, then it will try every possible repair between the 85th and 100th tokens.

The correction that alows the parser to parse furthest past the origina reported error is taken as the best error
repair. Thus, if asingle-token substitution of var for type at the 98th token alows the parsing engine to proceed past
the 104th token without getting stuck, thisrepair isasuccessful one. Generdly, if arepair carriesthe parser R=4
tokens beyond whereit origindly got stuck, thisis "good enough.”

The advantage of thistechniqueisthat the LL (k) or LR(K) (or LALR, etc.) grammar isnot modified at dl (no error
productions), nor are the parsing tables modified. Only the parsing engine, which interpretsthe parsing tables, is
modified.

The parsing engine must be able to back up K tokens and reparse. To do this, it needs to remember what the parse
stack looked like K tokens ago. Therefore, the dgorithm maintains two parse stacks: the current stack and the old
stack. A queue of K tokensis kept; as each new token is shifted, it is pushed on the current stack and also put onto
thetall of the queue; smultaneoudy, the head of the queue is removed and shifted onto the old stack. With each shift
onto the old or current stack, the appropriate reduce actions are a so performed. Figure 3.39 illudtratesthe two
stacks and queue.

Carrreny | i
Seack | 4
£
Md | namy i
Saek — 11
1y e
|

a = 7 i b = ¢ 4 (1 d =5 4 & . d ) §

Getoken quese

Figure 3.39: Burke-Fisher parsing, with an error-repair queue. Figure 3.18 shows the complete parse of thisstring
according to Table 3.19.

Now suppose asyntax error is detected at the current token. For each possible insertion, deletion, or subgtitution of



atoken at any position of the queue, the Burke-Fisher error repairer makes that change to within (a copy of) the
queue, then attempts to reparse from the old stack. The success of amodification isin how many tokens past the
current token can be parsed; generdly, if three or four new tokens can be parsed, thisis considered a completely
successtul repair.

Inalanguagewith N kinds of tokens, thereare K + K - N + K - N possible deletions, insertions, and substitutions
within the K -token window. Trying thismany repairsisnot very cosly, especialy considering that it happens only
when asyntax error is discovered, not during ordinary parsing.

Semantic actions Shift and reduce actions are tried repeatedly and discarded during the search for the best error
repair. Parser generators usually perform programmer-specified semantic actions aong with each reduce action, but
the programmer does not expect that these actions will be performed repeatedly and discarded - they may have side
effects. Therefore, aBurke-Fisher parser does not execute any of the semantic actions as reductions are performed
onthe current stack, but waits until the same reductions are performed (permanently) on the old stack.

Thismeansthat thelexica andlyzer may be up to K + Rtokens ahead of the point to which semantic actions have
been performed. If semantic actions affect lexicd andyss- asthey do in C, compiling the typedef feature - thiscan
be a problem with the Burke-Fisher approach. For languages with a pure context-free grammar approach to syntax,
the delay of semantic actions poses no problem.

Semantic valuesfor insertions In repairing an error by insertion, the parser needs to provide a semantic vaue for
each token it inserts, so that semantic actions can be performed asif the token had come from the lexical analyzer.
For punctuation tokens no value is necessary, but when tokens such as numbers or identifiers must be inserted,
where can the value come from? The ML-Y acc parser generator, which uses Burke-Fischer error correction, hasa
%vaue directive, alowing the programmer to specify what value should be used when inserting each kind of token:

%val ue I D ("bogus")
%val ue INT (1)
%al ue STRING ("")

Programmer -specified substitutions Some common kinds of errors cannot be repaired by the insertion or deletion
of asingle token, and sometimes a particular single-token insertion or subgtitution is very commonly required and
should betried first. Therefore, in an ML-Y acc grammar specification the programmer can use the %change directive
to suggest error correctionsto betried first, before the default " delete or insert each possible token™ repairs.

%change EQ -> ASSIGN | ASSIGN -> EQ
| SEM COLON ELSE -> ELSE | -> IN INT END

Here the programmer is suggesting that users often write"; el sg'where they mean "elsg" and so on. These particular
error corrections are often useful in parsing the ML programming language.

Theinsertion of in 0 end isaparticularly important kind of correction, known as a scope closer . Programs commonly
have extraleft parentheses or right parentheses, or extraleft or right brackets, and so on. In ML, another kind of
nesting congtruct islet in end. If the programmer forgets to close a scope that was opened by aleft parenthesis, then
the automatic singletoken insertion heuristic can close this scope where necessary. But to close alet scope requires
theinsertion of three tokens, which will not be done automatically unless the compiler-writer has suggested "change
nothing toin 0 end” asillustrated in the %change command above.
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PROGRAM PARSING

Use JavaCC or SableCC to implement a parser for the MiniJavalanguage. Do it by extending the specification from
the corresponding exercisein the previous chapter. Appendix A describesthe syntax of MiniJava.
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FURTHER READING

Conway [1963] describes a predictive (recursive-descent) parser, with anotion of FIRST sets and left-factoring. LL(
K) parsing theory was formalized by Lewis and Stearns [1968].

LR(k) parsing was devel oped by Knuth [1965]; the SLR and LALR techniques by DeRemer [1971]; LALR(1)
parsing was popularized by the development and distribution of Y acc [Johnson 1975] (which was not the first parser
generator, or "compiler-compiler”, as can be seen from thetitle of the cited paper).

Figure 3.29 summarizes many theorems on subset relations between grammear classes. Hellbrunner [1981] shows
proofs of severa of thesetheorems, including LL(k) LR(K) and LL(1) 6 LALR(1) (see Exercise 3.14). Backhouse
[1979] isagood introduction to theoretical aspectsof LL and LR parsing.

Aho et d. [1975] showed how deterministic LL or LR parsing engines can handle ambiguous grammars, with
ambiguities resolved by precedence directives (as described in Section 3.4).

Burke and Fisher [1987] invented the error-repair tactic that keeps a K token queue and two parse stacks.
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EXERCISES

3.1 Trandate each of these regular expressionsinto a context-free grammar.

a.

((xy*x) (yx*y))?

(0O)+"OD*)(OD)*"."(0D)+)

*3.2 Writeagrammar for English sentences using the words

arrow, banana, flies, like, a, an, the, fruit

and the semicolon. Be sureto include al the senses (noun, verb, etc.) of each word. Then show thet this
grammar isambiguous by exhibiting more than one parsetree for "timeflieslike an arrow; fruit flieslikea
banana."

3.3 Write an unambiguous grammar for each of the following languages. Hint: Oneway of verifying that a
grammar is unambiguousisto run it through Y acc and get no conflicts.

(0]

a Pdindromes over the alphabet { a, b} (strings that are the same backward and forward).

b. Strings that match the regular expresson a*b* and have more a'sthan b's.

c. Balanced parentheses and sguare brackets. Example: ([[1(O[01[DD

*d. Baanced parentheses and brackets, where a closing bracket also closes any outstanding open
parentheses (up to the previous open bracket). Example: [([J(O[([D]- Hint: First, make the language of
bal anced parentheses and brackets, where extra open parentheses are alowed; then make sure this
nontermina must gppear within brackets.

e. All subsets and permutations (without repetition) of the keywords public final static synchronized



trangient. (Then comment on how best to handle this Situationin area compiler.)

f. Statement blocksin Pasca or ML where the semicolons separate the statements:

( statenent ; ( statenent ; statement ) ; statenent )

0

g. Statement blocks in C where the semicol ons terminatethe statements:

{ expression; { expression; expression; } expression; }

3.4 Write agrammar that accepts the same language as Grammar 3.1, but that is suitable for LL (1) parsng.
That is, diminate the ambiguity, eiminate the |eft recurson, and (if necessary) |eft-factor.

3.5 Find nullable, FIRST, and FOLLOW setsfor this grammar; then construct the LL (1) parsing table.
0.

S S$

S XS

B \ begin{ WORD }

E \end{ WORD}

X BE

X { S}

X WORD

X begin



X \WORD

Cdculate nullable, FIRST, and FOLLOW for thisgrammar:
0

SuBDz

B Bv

D EF

Ey

Congtruct the LL (1) parsing table.

Give evidencethat thisgrammar isnot LL(1).

Modify the grammar as little as possible to make an LL (1) grammar that accepts the same language.

*3.7
a.

L eft-factor thisgrammar.
0.

SG$



GP
2.
G PG
3.
Pid:R
4,
R
5.
RidR
b.
Show that the resulting grammar isLL(2). Y ou can do thisby congtructing FIRST sets (etc.) containing
two-symbol strings; but it issmpler to construct an LL (1) parsing table and then argue convincingly that
any conflicts can be resolved by |ooking ahead one more symbol.
C.
Show how the tok variable and advance function should be altered for recursive-descent parsing with
two-symbol lookahead.
d.
Use the grammar class hierarchy (Figure 3.29) to show that the (Ieftfactored) grammar iSLR(2).
e.

Prove that no string has two parse trees according to this (left-factored) grammar.

3.8 Make up atiny grammar containing left recursion, and use it to demondtrate that |ft recursonisnot a
problem for LR parsing. Then show asmall example comparing growth of the LR parse stack with left
recurson versusright recursion.

3.9 Diagram the LR(0) statesfor Grammar 3.26, build the SLR parsing table, and identify the conflicts.

3.10 Diagram the LR(1) states for the grammar of Exercise 3.7 (without left-factoring), and construct the
LR(1) parsing table. Indicate clearly any conflicts.

3.11 Congtruct the LR(0) states for this grammar, and then determine whether it isan SLR grammar.

0.



SB$

BidP

B id*(E]

P (E)

EB

E BE

3.12
a.

Build the LR(0) DFA for thisgrammar:

0.

SES$

E id

E id(E)

E E+id

Isthisan LR(0) grammar? Give evidence.

Isthisan SLR grammar? Give evidence.



Isthisan LR(1) grammar? Give evidence.

3.13 Show that thisgrammar isLALR(1) but not SLR:

0.

SX$

X Ma

X bMc

X dc

X bda

M d

3.14 Show that thisgrammar isLL (1) but not LALR(2):
1.

S (X

S f]

SF)

X E)

X F]

EA

FA



*3.15 Feed thisgrammar to Y acc; from the output description file, construct the LALR(1) parsing table for
this grammar, with duplicate entries where there are conflicts. For each conflict, show whether shifting or
reducing should be chosen so that the different kinds of expressions have " conventiona™ precedence. Then
show the Y acc-style precedence directives that resolve the conflicts thisway.

0.

SES$

E whileEdo E

Eid=E

EE+E

E id

*3.16 Explain how to resolve the conflictsin this grammar, using precedence directives, or grammar
transformations, or both. Use Y acc or SableCC asatool in your investigations, if you like.

1.

Eid

E EBE

B/



*3.17 Prove that Grammar 3.8 cannot generate parse trees of the form shown in Figure 3.9. Hint: What
nonterminals could possibly be wherethe ?X is shown? What does that tell us about what could be where the
?Yisshown?
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Chapter 4. Abstract Syntax

ab-stract: disassociated from any specific instance

Webgter's Dictionary
OVERVIEW

A compiler must do more than recognize whether a sentence bel ongs to the language of agrammar - it must do
something useful with that sentence. The semantic actions of aparser can do useful things with the phrasesthat are
parsed.

In arecursive-descent parser, semantic action code is interspersed with the control flow of the parsing actions. Ina
parser specified in JavaCC, semantic actions are fragments of Java program code attached to grammar productions.
SableCC, on the other hand, automatically generates syntax trees asit parses.
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4.1 SEMANTIC ACTIONS

Each termina and nontermina may be associated with its own type of semantic vaue. For example, inasmple
cdculator usng Grammar 3.37, the type associated with exp and INT might be int; the other tokens would not need
to carry avdue. Thetype associated with atoken must, of course, match the type that the lexer returns with that
token.

For arule A B C D, the semantic action must return avalue whose type is the one associated with the nontermina A.
But it can build this vaue from the values associated with the matched terminas and nonterminals B, C, D.

RECURSIVE DESCENT

In arecursive-descent parser, the semantic actions are the va ues returned by parsing functions, or the side effects of
those functions, or both. For each termina and nonterminal symbol, we associate a type (from theimplementation
language of the compiler) of semantic values representing phrases derived from that symbol.

Program 4.1 isarecursive-descent interpreter for part of Grammar 3.15. The tokens ID and NUM must now carry
values of type string and int, respectively. We will assume thereis alookup table mapping identifiersto integers. The
type associated with E; T; F; etc., isint, and the semantic actions are easy to implement.

PROGRAM 4.1: Recursive-descent interpreter for part of Grammar 3.15.

Token {int kind; OCbject val;
Token(int k, Object v) {kind=k; val=v;}
}
final int EOF=0, |1D=1, NUME2, PLUS=3, M NUS=4,

int lookup(String id) { ... }
int Ffollow] = { PLUS, TIMES, RPAREN, EOF };

int F() {switch (tok.kind) {
case ID int i=lookup((String)(tok.val)); advance(); return i:
case NUM int i=((Integer)(tok.val)).intValue();
advance(); return i;
case LPAREN. eat (LPAREN);
int i =E();
eat Or Ski pTo( RPAREN, F follow);

return i;
case EOF:
defaul t: print("expected 1D, NUM or |eft-paren");
skipto(F follow); return O;
1}

int T follow] = { PLUS, RPAREN, ECF };

int T() {switch (tok.kind) {
case | D



case NUM

case LPAREN: return Tprinme(F());

default: print("expected ID, NUM or |eft-paren");
skipto(T_foll ow);
return O;

H

int Tprine(int a) {switch (tok.kind) {
case TIMES: eat(TIMES); return Tprime(a*F());
case PLUS:
case RPAREN:
case ECF: return a;
defaul t:

H}

voi d eat Or Ski pTo(int expected, int[] stop) {
i f (tok. ki nd==expected)
eat (expected);
else {print(...); skipto(stop);}
}

The semantic action for an artificid symbol such as T (introduced in the dimination of Ieft recursion) isabit tricky.
Had the productionbeen T T * F, then the semantic action would have been

int a=T(); eat(TIMES); int b=F(); return a*b;

With the rearrangement of the grammar, the production T * FT ismissing the left operand of the*. One solution is
for T to pass the eft operand asan argument to T, asshown in Program 4.1.

AUTOMATICALLY GENERATED PARSERS

A parser specification for JavaCC condsts of aset of grammar rules, each annotated with asemantic actionthatisa
Java statement. Whenever the generated parser reduces by arule, it will execute the corresponding semantic action
fragment.

Program 4.2 shows how thisworks for avariant of Grammar 3.15. Every INTEGER_CONSTANT termina and
every nontermina (except Start) carriesavaue. To accessthisvaue, give thetermina or nontermina anamein the
grammar rule (such asi in Program 4.2), and access this name as avariable in the semantic action.

PROGRAM 4.2: JavaCC verson of avariant of Grammar 3.15.
Start() :

!I;}

{ i=Exp() <EO~> { Systemout.printin(i); }
}
int Exp() :
{ int a,i; }
{ a=Term()
( "+" i=Term() { a=a+i; }
| "i=Term() { a=a-i; }
)*
{
}

return a; }



int Term() :

{ int a,i; }
{ a=Factor()
( "*" i=Factor() { a=a*i; }
| "/" i=Factor() { a=ali; }
)*
{ return a; }
}
int Factor() :
{ Token t; int i; }
{ t=<IDENTI FI ER> { return | ookup(t.inage); }
| t=<INTEGER LI TERAL> { return Integer.parselnt(t.inmge); }
| "(" i=Exp() ")" { returni; }
}

SableCC, unlike JavaCC, has no way to attach action code to productions. However, SableCC automatically
generates syntax tree classes, and aparser generated by SableCC will build syntax trees using those classes. For
JavaCC, there are several companion tools, including JJTree and JTB (the Java Tree Builder), which, like SableCC,
generate syntax tree classes and insert action code into the grammar for building syntax trees.
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4.2 ABSTRACT PARSE TREES

It is possible to write an entire compiler that fits within the semantic action phrases of a JavaCC or SableCC parser.
However, such acompiler isdifficult to read and maintain, and this approach congtrains the compiler to analyze the
program in exactly the order it is parsed.

To improve modularity, it is better to separate issues of syntax (parsing) from issues of semantics (type-checking and
trand ation to machine code). One way to do thisisfor the parser to produce a parse tree - a data structure that ater
phases of the compiler can traverse. Technicdly, a parse tree has exactly one leaf for each token of the input and one
internal node for each grammar rule reduced during the parse.

Such aparsetree, which wewill call a concrete parse tree, representing the concrete syntax of the source
language, may be inconvenient to use directly. Many of the punctuation tokens are redundant and convey no
information - they are useful in theinput string, but once the parse treeis built, the structure of the tree conveysthe
gructuring informeation more conveniently.

Furthermore, the structure of the parse tree may depend too much on the grammar! The grammar transformations
shownin Chapter 3 - factoring, dimination of |eft recursion, dimination of ambiguity - involve theintroduction of extra
nontermina symbols and extragrammar productions for technica purposes. These detail s should be confined to the
parsing phase and should not clutter the semantic andysis.

An abstract syntax makes a clean interface between the parser and the later phases of acompiler (or, in fact, for the
later phases of other kinds of program-anaysistools such as dependency anayzers). The abstract syntax tree
conveys the phrase structure of the source program, with al parsing issues resolved but without any semantic
interpretation.

Many early compilers did not use an abstract syntax data structure because early computers did not have enough
memory to represent an entire compilation unit's syntax tree. Modern computers rarely have this problem. And many
modern programming languages (ML, Modula-3, Java) alow forward reference to identifiers defined later in the
same module; using an abstract syntax tree makes compilation easier for these languages. It may be that Pascal and
C require clumsy forward declarations because their designers wanted to avoid an extra compiler pass on the
machines of the 1970s.

Grammar 4.3 shows an abstract syntax of the expression language is Grammar 3.15. Thisgrammar iscompletely
impractical for parsing: The grammar is quite ambiguous, Since precedence of the operatorsis not pecified.

GRAMMAR 4.3. Abgtract syntax of expressions.

EE+E



EEE

EE*E

E E/E

E id

However, Grammar 4.3 isnot meant for parang. The parser uses the concrete syntax to build aparse tree for the
abstract syntax. The semantic anays's phase takes this abstract syntax tree; it isnot bothered by the ambiguity of
the grammar, sinceit aready hasthe parse tree!

The compiler will need to represent and manipul ate abstract syntax trees as data structures. In Java, these data
Structures are organized according to the principles outlined in Section 1.3: an abstract class for each nontermina, a
subclass for each production, and so on. In fact, the classes of Program 4.5 are abstract syntax classesfor Grammar
4.3. An dternate arrangement, with al the different binary operators grouped into an OpEXxp class, isaso possible.

Let uswrite an interpreter for the expresson language in Grammar 3.15 by first building syntax trees and then
interpreting those trees. Program 4.4 is a JavaCC grammar with semantic actions that produce syntax trees. Each
class of syntax-tree nodes contains an eva function; when caled, such afunction will return the vaue of the
represented expression.

PROGRAM 4.4. Building syntax treesfor expressons.

tart() :

pe }
{ e=Exp() { return e; }
}
Exp Exp() :
{ Exp el,e2; }
{ el=Term()

( "+" e2=Ternm() { el=new PlusExp(el,e2); }
| "-" e2=Term() { el=new M nusExp(el,e2); }
)*

{ return el; }

Exp Term() :
{ Exp el,e2; }
{ el=Factor()
( "*" e2=Factor() { el=new TinmesExp(el,e2); }
| "/" e2=Factor() { el=new DivideExp(el,e2); }
)*
{ return el; }
}
Exp Factor() :
{ Token t; Exp e; }
{ ( t=<IDENTI FI ER> { return new ldentifier(t.imge); } |
t =<INTEGER LI TERAL> { return new IntegerLiteral (t.inmage); } |



"(" e=Exp() ")" { returne; } )
}

POSITIONS

In aone-pass compiler, lexicd andysis, parsng, and semantic analys's (typechecking) are al done smultaneoudly. If
thereisatype error that must be reported to the user, the current postion of thelexica anayzer isareasonable
gpproximation of the source position of the error. In such acompiler, the lexica analyzer kegpsacurrent position™
globa variable, and the errormessage routine just prints the value of that variable with each message.

A compiler that uses abstract-syntax-tree data structures need not do dl the parsing and semantic anadysisin one
pass. This makes life easier in many ways, but dightly complicates the production of semantic error messages. The
lexer reachesthe end of file before semantic analysis even begins, 0 if asemantic error isdetected in traversing the
abstract syntax tree, the current position of thelexer (at end of file) will not be useful in generating aline number for
the error message. Thus, the source-file position of each node of the abstract syntax tree must be remembered, in
case that node turns out to contain a semantic error.

To remember positions accurately, the abstract-syntax data structures must be sprinkled with posfields. These
indicate the pogition, within the origina sourcefile, of the characters from which these absiract-syntax structureswere
derived. Then the type-checker can produce useful error messages. (The syntax constructors we will show in Figure
4.9 do not have posfidlds, any compiler that uses these exactly as given will have ahard time producing accurately
located error messages.)

.ge synt axtree;

Program( Mai nCl ass m d assDecl List cl)
Mai nCl ass(ldentifier il, ldentifier i2, Statement s)

abstract class O assDecl
Cl assDecl Sinple(ldentifier i, VarDeclList vl, MethodDeclList m)
O assDecl Extends(ldentifier i, Identifier j,
Var Decl Li st vl, MethodDeclList m) see Ch. 14

Var Decl (Type t, ldentifier i)

Met hodDecl (Type t, ldentifier i, Formallist fl, VarDeclList vl,
StatenmentList sl, Exp e)

Formal (Type t, ldentifier i)

abstract class Type
Int ArrayType() Bool eanType() IntegerType() ldentifierType(String s)

abstract class Statenent

Bl ock( St at ement Li st sl)

If (Exp e, Statement sl1, Statenent s2)
Wil e(Exp e, Statenent s)

Print (Exp e)

Assign(ldentifier i, Exp e)
ArrayAssign(ldentifier i, Exp el, Exp e2)

abstract class Exp

And(Exp el, Exp e2)

LessThan(Exp el, Exp e2)

Plus(Exp el, Exp e2) Mnus(Exp el, Exp e2) Tines(Exp el, Exp e2)



ArrayLookup(Exp el, Exp e2)
ArraylLengt h(Exp e)

Call (Exp e, ldentifier i, ExpList el)
IntegerLiteral (int i)
True()

Fal se()

I dentifierExp(String s)

Thi s()

NewAr ray ( Exp e)
New(bj ect (I dentifier i)

Not (Exp e)

Identifier(String s)
list classes O assDecl List() ExpList() FormalList() MethodDeclList() StatenentList()
Var Decl Li st ()

. 4.9: Abstract syntax for the MiniJavalanguage.

The lexer must pass the source-file positions of the beginning and end of each token to the parser. We can augment
the types Exp, etc. with a position field; then each constructor must take apos argument to initidize thisfield. The
positions of leaf nodes of the syntax tree can be obtained from the tokens returned by the lexica analyzer;
internal-node positions can be derived from the positions of their subtrees. Thisistedious but straightforward.
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4.3 VISITORS

Each abstract syntax class of Program 4.5 has acongtructor for building syntax trees, and an eval method for
returning the value of the represented expression. Thisisan object-oriented style of programming. Let us consider
an dternative,

PROGRAM 4.5: Exp classfor Program 4.4.

c abstract class Exp {
public abstract int eval ();

public class PlusExp extends Exp {
private Exp el,e2;
public PlusExp(Exp al, Exp a2) { el=al; e2=a2; }
public int eval () {
return el. eval () +e2.eval ();
}
}
public class M nuskExp extends Exp {
private Exp el, e2;
public M nusExp(Exp al, Exp a2) { el=al; e2=a2; }
public int eval () {
return el.eval ()-e2.eval ();
}
}
public class TimesExp extends Exp {
private Exp el, e2;
public Ti mesExp(Exp al, Exp a2) { el=al; e2=a2; }
public int eval () {
return el. eval ()*e2.eval ();

}

public class DivideExp extends Exp {
private Exp el,e2;
public DivideExp(Exp al, Exp a2) { el=al; e2=a2; }
public int eval () {
return el.eval ()/e2.eval ();
}
}
public class Identifier extends Exp {
private String fO;
public Identifier(String n0) { fO = n0; }
public int eval () {
return | ookup(fO0);
}
}
public class IntegerlLiteral extends Exp {
private String fO;
public IntegerlLiteral (String n0) { fO = n0; }
public int eval () {
return I nteger.parselnt(f0);

}
}




Suppose the code for eval uating expressionsiswritten separately from the abstract syntax classes. We might do that
by examining the syntax-tree data structure by using instanceof and by fetching public class variables that represent
subtrees. Thisisa syntax separate from inter pretations style of programming.

The choice of style affects the modularity of the compiler. In astuation such asthis, we have severd kinds of
objects. compound statements, assignment statements, print statements, and so on. And we dso may have severd
different inter pretations of these objects. type-check, trandate to Pentium code, trandate to Sparc code, optimize,
interpret, and so on.

Each interpretation must be applied to each kind; if we add anew kind, we must implement each interpretation for
it; and if we add anew interpretation, we must implement it for each kind. Figure 4.6 illustrates the orthogonality of
kinds and interpretations - for compilers, and for graphic user interfaces, where the kinds are different widgets and
gadgets, and the inter pretations are move, hide, and redisplay commands.

Interpretations

milalized vars

E B
£ Interpretations
= 2k
oo & F U -
= EEER 4 "
L E® 2B w35 sE
s Ew S = =B 2=
=EE £ E T 255 =
ey e aEzaE
ldExp | « = & = scrollbar | o & & & s
MumExp | o o4 . s . 0 1 T
# o
= Pluskxp | ¢ & & s . T Lamas | & s s s s
i MinsExp | « = « « i DaalogRox | « = « =
T||1|.-n.F\;j'\ ||||| Text | = = # = &
:‘"""".""" ..... SistusBar | + e+ s+ = @

a} Compiler thy Graphic user inlerface

Figure 4.6: Orthogond directions of modularity.

If the syntax separate from interpretations styleisused, then it is easy and modular to add anew inter pretation:
One new function iswritten, with clausesfor the different kinds al grouped logically together. On the other hand, it
will not be modular to add anew kind, since anew clause must be added to every interpretation function.

With the object-oriented style, each interpretation isjust a method in al the classes. It is easy and modular to add a
new kind: All theinterpretations of that kind are grouped together as methods of the new class. But it is not modular
to add anew interpretation: A new method must be added to every class.

For graphic user interfaces, each application will want to makeits own kinds of widgets; itisimpossibleto
predetermine one set of widgets for everyoneto use. On the other hand, the set of common operations
(interpretations) isfixed: The window manager demands that each widget support only a certain interface. Thus, the
object-oriented style workswell, and the syntax separ ate from inter pretations style would not be as modular.

For programming languages, on the other hand, it works very well to fix asyntax and then provide many
interpretations of that syntax. If we have acompiler where oneinterpretation is translate to Pentium
andwewishtoport that compiler to the Sparc, then not only must we add operations for generating Sparc code but we
might also want to remove (in this configuration) the Pentium code-generation functions. Thiswould be very
inconvenient in the object-oriented style, requiring each classto be edited. In the syntax separate from

inter pretations style, such achange is modular: We remove a Pentiumrelated module and add a Sparc module.

We prefer a syntax-separate-from-interpretations style. Fortunately, we can use this style without employing



instanceof expressionsfor ng syntax trees. Instead, we can use atechnique known asthe Visitor pattern. A
vigtor implements an interpretation; it isan object which contains avisit method for each syntax-tree class. Each
syntax-tree class should contain an accept method. An accept method serves asahook for dl interpretations. Itis
cdled by aviditor and it hasjust onetask: It passes control back to an gppropriate method of the vigitor. Thus,
control goes back and forth between avisitor and the syntax-tree classes.

Intuitively, the vigitor calls the accept method of anode and asks"what isyour class?' The accept method answers
by cdling the corresponding visit method of the visitor. Code for the running example, using visitors, isgivenin
Programs 4.7 and 4.8. Every vistor implementsthe interface Visitor. Notice that each accept method takes avisitor
as an argument, and that each visit method takes a syntax-tree-node object as an argument.

PROGRAM 4.7: Syntax classes with accept methods.

c abstract class Exp {
blic abstract int accept(Visitor v);
}
public class PlusExp extends Exp {
public Exp el, e2;
public PlusExp(Exp al, Exp a2) { el=al; e2=a2; }
public int accept(Visitor v) {
return v.visit(this);
}
}
public class M nusExp extends Exp {
public Exp el, e2;
public M nusExp(Exp al, Exp a2) { el=al; e2=a2; }
public int accept(Visitor v) {
return v.visit(this);

}

public class Ti mesExp extends Exp {
public Exp el, e2;
public TinmesExp(Exp al, Exp a2) { el=al; e2=a2; }
public int accept(Visitor v) {
return v.visit(this);
}
}
public class DivideExp extends Exp {
public Exp el, e2;
public DivideExp(Exp al, Exp a2) { el=al; e2=a2; }
public int accept(Visitor v) {
return v.visit(this);
}
}
public class Identifier extends Exp {
public String fO;
public Identifier(String n0) { fO = n0; }
public int accept(Visitor v) {
return v.visit(this);

}

public class IntegerLiteral extends Exp {
public String fO;
public IntegerLiteral (String n0) { fO = nO; }
public int accept() {
return v.visit(this);

}

}

RAM 4.8. Aninterpreter visitor.




public interface Visitor {
public int visit(PlusExp n);
public int visit(MnusExp n);
public int visit(TinesExp n);
public int visit(DivideExp n);
public int visit(ldentifier n);
public int visit(IntegerLiteral n);
}
public class Interpreter inplements Visitor {
public int visit(PlusExp n) {
return n.el.accept(this)+n.e2.accept(this);
}
public int visit(MnusExp n) {
return n.el.accept(this)-n.e2.accept(this);
}
public int visit(TinmesExp n) {
return n.el.accept(this)*n.e2.accept(this);
}
public int visit(Di videExp n) {
return n.el.accept(this)/n.e2.accept(this);
}
public int visit(ldentifier n) {
return | ookup(n.f0);
}
public int visit(lntegerLiteral n) {
return | nteger. parselnt(n.f0);

}

}

In Programs 4.7 and 4.8, the visit and accept methods dl return int. Suppose we want instead to return String. In that
case, we can add an appropriate accept method to each syntax tree class, and we can write anew visitor classin
which dl vist methods return String.

The main difference between the object-oriented style and the syntaxseparate-from-interpretations style is that, for
example, the interpreter codein Program 4.5 isin theeval methodswhilein Program 4.8 it isin the Interpreter visitor.

In summary, with the Vistor pattern we can add a new interpretation without editing and recompiling existing classes,
provided that each of the appropriate classes has an accept method. The following table summarizes some
advantages of the Viditor pattern:

Frequent type casts? Freguent recompilation?
Instanceof and type casts Yes No
Dedicated methods No Yes

TheVigtor pattern No No



ABSTRACT SYNTAX FOR MiniJava

Figure 4.9 shows classes for the abstract syntax of MiniJava. The meaning of each constructor in the abstract syntax
should be clear after acareful study of Appendix A, but there are afew points that merit explanation.

Only the congtructors are shown in Figure 4.9; the object field variables correspond exactly to the names of the
congtructor arguments. Each of the six list classesisimplemented in the same way, for example:

public class ExpList {

private Vector |ist;

public ExpList() {
list = new Vector();

}

public void addEl ement (Exp n) {
|'ist.addEl enent (n);

}

public Exp elementAt(int i) {
return (Exp)list.elementAt(i);

}

public int size() {
return list.size();

}

Each of the nonlist classes has an accept method for use with the vigitor pattern. Theinterface Visitor isshown in
Program 4.10.

PROGRAM 4.10: MiniJavavidtor

c interface Visitor {
public void visit(Programn);
public void visit(MinCass n);
public void visit(d assDecl Sinple n);
public void visit(d assDecl Extends n);
public void visit(VarDecl n);
public void visit(MthodDecl n);
public void visit(Formal n);
public void visit(lntArrayType n);
public void visit(Bool eanType n);
public void visit(lntegerType n);
public void visit(ldentifierType n);
public void visit(Block n);
public void visit(lf n);
public void visit(Wile n);
public void visit(Print n);
public void visit(Assign n);
public void visit(ArrayAssign n);
public void visit(And n);
public void visit(LessThan n);
public void visit(Plus n);
public void visit(Mnus n);
public void visit(Times n);
public void visit(ArrayLookup n);
public void visit(ArrayLength n);
public void visit(Call n);
public void visit(lntegerLiteral n);
public void visit(True n);
public void visit(False n);



public void visit(ldentifierExp n);
public void visit(This n);

public void visit(NewArray n);
public void visit(NewCbject n);
public void visit(Not n);

public void visit(ldentifier n);

}

We can congtruct a syntax tree by using nested new expressions. For example, we can build a syntax tree for the
MiniJava statement:

X = y.m1, 4+5);

using the following Java code:

ExpLi st el = new ExpList();
el . addEl enent (new IntegerlLiteral (1));
el . addEl enent (new Pl us(new | ntegerLiteral (4),
new I ntegerLiteral (5)));
Statenment s = new Assign(new ldentifier("x"),
new Call (new I dentifierExp("y"),
new I dentifier("n'),

el));

SableCC enables automatic generation of code for syntax tree classes, code for building syntax trees, and code for
template visitors. For JavaCC, acompanion tool caled the Java Tree Builder (JTB) enablesthe generation of smilar
code. The advantage of using such toolsisthat once the grammar iswritten, one can go straight on to writing visitors
that operate on syntax trees. The disadvantage is that the syntax trees supported by the generated code may be less
abstract than one could desire.
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PROGRAM ABSTRACT SYNTAX

Add semantic actionsto your parser to produce abstract syntax for the MiniJavalanguage. Syntax-tree classes are
avalablein $MINIJAV A/chap4, together with a PrettyPrintVistor. If you use JavaCC, you can use JTB to generate
the needed code automaticaly. Similarly, with SableCC, the needed code can be generated automatically.
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FURTHER READING

Many compilers mix recursive-descent parsing code with semantic-action code, as shown in Program 4.1; Gries
[1971] and Fraser and Hanson [1995] are ancient and modern examples. Machine-generated parsers with semantic
actions (in specid-purpose "semantic-action mini-languages') attached to the grammar productions weretried out in
1960s [Feldman and Gries 1968]; Y acc [Johnson 1975] was one of thefirst to permit semantic action fragmentsto
be written in a conventiond, genera-purpose programming language.

The notion of abstract syntax is due to McCarthy [1963], who designed the abstract syntax for Ligp [McCarthy et
al. 1962]. The abstract syntax was intended to be used for writing programs until designers could get around to
creating a concrete syntax with human-readable punctuation (instead of Lots of | rriteting Silly Parentheses), but
programmers soon got used to programming directly in abstract syntax.

The search for atheory of programming-language semantics, and anotation for expressing semanticsina
compiler-compiler, led to ideas such as denotational semantics [Stoy 1977]. The semantic interpreter shownin
Programs 4.4 and 4.5 isinspired by ideas from denotational semantics, asistheideaof separating concrete syntax
from semantics using the abstract syntax as aclean interface.
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EXERCISES

41

4.2

4.3

4.4

4.5

Write a package of Java classes to express the abstract
syntax of regular expressions.

Extend Grammar 3.15 such that a program is a sequence
of either assgnment statements or print Satements. Each
assgnment statement assigns an expresson to an
implicitly-declared variable; each print statement printsthe
value of an expresson. Extend theinterpreter in Program
4.1 to handle the new language.

Write aJavaCC verson of the grammar from Exercise
4.2. Insert Java code for interpreting programs, in the

syleof Program 4.2.

Modify the JavaCC grammar from Exercise 4.3 to contain
Java code for building syntax trees, in the style of Program
4.4. Writetwo interpreters for the language: onein
object-oriented style and one that uses visitors.

In $MINIJAV A/chapd/handcraftedivisitor, thereis afile
with avisgtor PrettyPrintVigtor.javafor pretty printing
gyntax trees. Improve the pretty printing of nested if and
while satements.



4.6

Team-Fly

Thevigtor pattern in Program 4.7 has accept methods
that return int. Ifone wanted to write some visitors that
return integers, othersthat return class A, and yet others
that return class B, one could modify al the classesin
Program 4.7 to add two more accept methods, but this
would not be very modular. Another way isto make the
vigtor return Object and cast each result, but thislosesthe
benefit of compile-time type-checking. But thereisathird

way.

Modify Program 4.7 so that al the accept methods return
void, and write two extensons of the Visitor class: one
that computes an int for each Exp, and the other that
computes afloat for each Exp. Since the accept method
will return void, the visitor object must have an instance
variableinto which each accept method can placeits
result. Explain why, if one then wanted to write avisitor
that computed an object of class C for each Exp, no more
modification of the Exp subclasses would be necessary.
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Chapter 5. Semantic Analysis

OVERVIEW

se-man-tic: of or relaing to meaning in language
Webgter's Dictionary

The semantic analysis phase of acompiler connects variable definitionsto their uses, checks that each expression
has a correct type, and trandates the abstract syntax into asimpler representation suitable for generating machine
code.
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5.1 SYMBOL TABLES

This phaseis characterized by the maintenance of symbol tables (also called environments) mapping identifiersto
their types and locations. Asthe declarations of types, variables, and functions are processed, these identifiersare
bound to "meanings’ in the symbol tables. When uses (nondefining occurrences) of identifiers are found, they are
looked up in the symbol tables.

Each local variablein aprogram hasa scope inwhichitisvisble. For example, in aMiniJavamethod m, dl formd
parameters and loca variables declared in m are visible only until the end of m. Asthe semantic anadlyssreachesthe
end of each scope, theidentifier bindingsloca to that scope are discarded.

An environment isaset of bindings denoted by the arrow. For example, we could say that the environment O
containsthe bindings{g dring, a int}, meaning that the identifier aisan integer variable and gisastring varigble.

Condder asmple examplein the Javalanguage:

1

2 int a; int b; int c;

3 public void m(){

4 System out. println(a+c);
5 int j = atb;

6 String a = "hello";

7 Systemout.println(a);
8 Systemout.println(j);
9 System out. println(b);
1
1

Suppose we compilethis classin the environment 0. Thefield declarationson line 2 give usthetable 1 equa to 0+
{aint,b int,c int}, thatis, 0 extended with new bindingsfor a, b, and c. Theidentifiersin line 4 can be looked up
in 1. Atline5, thetable 2= 1+{j int} iscreated; and at line6, 3= 2+ {a String} is created.

How doesthe + operator for tables work when the two environments being "added" contain different bindingsfor the
same symbol?When 2 and{a String} map ato int and String, respectively? To make the scoping rules work the
way we expect them to in real programming languages, we want {a String} to take precedence. So we say that X +
Yfor tablesisnot thesame as Y + X; bindingsin the right-hand table override those in the | eft.

Theidentifiersinlines 7, 8, and 9 can belooked up in 3. Findly, at line 10, we discard 3 and go backto 1. And at
line 11 wediscard 1 and go back to O.

How should this be implemented? There are really two choices. In a functional style, we make suretokeep 1in
pristine condition whilewe create 2 and 3. Thenwhenweneed 1 again, it'srested and ready.



Inan imperative style, we modify 1 until it becomes 2. This destructive update "destroys’ 1; while 2 exists, we
cannot look thingsup in 1. But when we are done with 2, we can undo the modification to get 1 back again. Thus,
thereisasingle globa environment which becomes 0, 1, 2, 3, 1, Oat different timesand an "undo stack” with
enough information to remove the destructive updates. When a symboal is added to the environment, it is also added
to the undo stack; at the end of scope (e.g., at line 10), symbols popped from the undo stack have their latest binding
removed from (and their previous binding restored).

Either thefunctiona or imperative style of environment management can be used regardless of whether the language
being compiled or the implementation language of the compiler isa"functiond” or "imperative' or "objectoriented"
language.

MULTIPLE SYMBOL TABLES

In some languages there can be severa active environments at once; Each module, or class, or record in the program
has asymbol table of itsown.

Inandyzing Figure 5.1, let 0 be the base environment containing predefined functions, and let

oy = {a — int)
g = (£ — a1}
73 = {6 = inf o — inf}
s = (N > a3
os = [d — (1t}
Ty = (£ — a3}

a7 =03 + o4+ oy

structure M = struct package M
structure E = struct class E {
val a = 5; static int a = 5;
end }
structure N = struct class N {
val b = 10 static int b = 10;
val a=Ea+b static int a = E.a + b;
end }
structure D = struct class D {
val d = Ea + Na static int d = E.a + N g;
end }
end
(@ Anexamplein ML (b) Anexamplein Java

. 5.1: Severd active environments a once.

In ML, the N is compiled using environment 0+ 2tolook up identifiers; D iscompiledusing 0+ 2+ 4, and the
result of theandyssis{M 7}.



In Java, forward referenceisalowed (so inside N the expression D.d would belegd), so E, N, and D aredl
compiled in the environment 7; for thisprogram theresultisgtill { M 7}.

EFFICIENT IMPERATIVE SYMBOL TABLES

Because alarge program may contain thousands of digtinct identifiers, symbol tables must permit efficient lookup.

Imperative-gtyle environments are usually implemented using hash tables, which are very efficient. The operation =
+{a } isimplemented by inserting in the hash tablewith key a. A ample hash table with external chaining
workswell and supports deletion easily (we will needto delete{a } torecover at the end of the scope of a).

Program 5.2 implements asmple hash table. The ith bucket isalinked list of al the eementswhose keyshashto i
mod SIZE.

PROGRAM 5.2: Hash table with externa chaining.

Bucket {String key; Object binding; Bucket next;
Bucket (String k, Object b, Bucket n) {key=k; bindi ng=b; next=n;}

}

cl ass HashT {
final int SIZE
Bucket table[]

256;
new Bucket [ SI ZE] ;

private int hash(String s) {
int h=0;
for(int i=0; i<s.length(); i++)
h=h*65599+s. char At (i) ;
return h;

}

void insert(String s, Binding b) {
i nt i ndex=hash(s) %5l ZE
tabl e[ i ndex] =new Bucket (s, b, tabl e[i ndex]);

}

nj ect | ookup(String s) {
i nt i ndex=hash(s) %5l ZE
for (Binding b = table[index]; b!=null; b=b.next)
if (s.equal s(b.key)) return b.binding;
return null;
}
void pop(String s) {
i nt i ndex=hash(s) %5l ZE
tabl e[ i ndex] =t abl e[ i ndex] . next ;

Congder +{a 2} when containsa 1dready. Theinsart functionleavesa 1inthebucket and putsa 2 earlier
intheligt. Then, when pop(a) is done at the end of a's scope, isrestored. Of course, pop worksonly if bindings are
inserted and popped in a stacklike fashion.



An industrid-strength implementation would improve on thisin severd ways, see Exercise5.1.
EFFICIENT FUNCTIONAL SYMBOL TABLES

In thefunctional style, wewishto compute = +{a } insuchaway that we still have availableto look up
identifiers. Thus, instead of "dtering” atable by adding abinding to it we create a new table by computing the"sum”
of an exigting table and anew binding. Smilarly, when we add 7 + 8 we don't dter the 7 by adding 8 to it; we create
anew vaue, 15 and the 7 isgill available for other computations.

However, nondestructive update is not efficient for hash tables. Figure 5.3a shows a hash table implementing
mapping m1. It isfast and efficient to add mouse to thefifth dot; just make the mouse record point at the (old) head
of thefifth linked list, and make thefifth dot point to the mouse record. But then we no longer have the mapping m
1:Wehavedestroyedittomake m2. The other dternative isto copy the array, but till share al the old buckets, as
shownin Figure 5.3b. But thisis not efficient: The array in ahash table should be quite large, proportiona in sizeto
th(la nurlnber of elementls |and we cannolt aff?rd to copy it folr each new entry inthe table.

E I 1y : [0 1 |

/N N\

¥ *_..-- --..___.l‘- *_
camel | 2 mouse | 4

&
.'.f’

Figure5.3: Hash tables.

By using binary search treeswe can perform such "functiond™ additions to search trees efficiently. Consider, for
example, the search treein Figure 5.4, which represents the mapping

v v
| dog | 3 dog | 3
| — "
— —_—
e N
- — N
s e \
at | [* 4
| ||mu:vu| 4
=

camel | 2

my = {bar = 1, camel — 2, dog — 3}, (al by

Figure 5.4: Binary search trees.

We can add the binding mouse 4, creating the mapping m2 without destroying the mapping m1, as shown in Figure
5.4Db. If we add anew node at depth d of the tree, we must create d new nodes - but we don't need to copy the
wholetree. So creating anew tree (that shares some structure with the old one) can be done as efficiently aslooking
up an dement: inlog(n) time for abaanced tree of n nodes. Thisisan example of a persistent data structure; a
persstent red-black tree can be kept balanced to guarantee log(n) accesstime (see Exercise 1.1c, and also page
276).



SYMBOLS

The hash table of Program 5.2 must examine every character of the string sfor the hash operation, and then again
each timeit compares sagaing agring in the ith bucket. To avoid unnecessary string comparisons, we can convert
each gtring to asymbol, so that dl the different occurrences of any given string convert to the same symbol object.

The Symbol module implements symbols and has these important properties.

Comparing symbolsfor equaity isfast (just pointer or integer comparison).

Extracting an integer hash key isfast (in case we want to make a hash table mapping symbols to something
dse).

Comparing two symbolsfor "greater-than” (in some arbitrary ordering) isfast (in case we want to make
binary search trees).

Evenif weintend to make functional-style environments mapping symbolsto bindings, we can usea
destructive-update hash table to map strings to symbols. We need this to make sure the second occurrence of "abc™
maps to the same symbol asthefirst occurrence. Program 5.5 showsthe interface of the Symbol module.

PROGRAM 5.5: Theinterface of package Symboal.

ge Synbol ;

public class Synmbol {
public String toString();
public static Symbol synbol (String s);
}
public class Table {
public Table();
public void put(Synbol key, bject value);
public Object get(Synbol key);
public void begi nScope();
public void endScope();
public java.util.Enuneration keys();

}

Environments are implemented in the Symbol. Table class as Tables mapping Symbolsto bindings. We want different
notions of binding for different purposesin the compiler - type bindingsfor types, vaue bindings for variables and
functions - so welet the bindings be Object, though in any given table every binding should be atype binding, or
every binding should be avaue binding, and so on.

Toimplement the Symbol class (Program 5.6), werely on theintern() method of the javalang.String classto give us
aunigue object for any given character sequence; we can map from Symbol to String by having each symbol contain



asgtring variable, but the reverse mapping must be done using a hash table (we use java.util.Hashtable).

PROGRAM 5.6: Symbol table implementation.

ge Synbol ;
upl'Tc class Synbol {
private String nane;
private Synbol (String n) {name=n; }
private static java.util.Dictionary dict = new java.util.Hashtable();

public String toString() {return nane;}

public static Synbol synbol (String n) {
String u = n.intern();
Synbol s = (Synbol )dict.get(u);
if (s==null) {s = new Synbol (u); dict.put(u,s); }
return s;

To handlethe "undo" requirements of destructive update, the interface function beginScope remembers the current
state of the table, and endScope restores the table to where it was at the most recent beginScope that has not
aready been ended.

Animperative tableisimplemented using ahash table. When the binding x b isentered (table.put(x,b)), x ishashed
into anindex i, and aBinder object x b isplaced at the head of the linked list for the ith bucket. If the table had
dready contained abinding X b, that would still bein the bucket, hidden by x b. Thisisimportant becauseit will
support the implementation of undo (beginScope and endScope).

Thekey x isnot acharacter string, but isthe Symbol object itsdlf.

There must dso be an auxiliary stack, showing in what order the symbolswere "pushed” into the symbol table. When
X b isentered, then x is pushed onto this stack. A beginScope operation pushes a special marker onto the stack.
Then, to implement endScope, symbols are popped off the stack down to and including the topmost marker. As
each symboal is popped, the head binding in its bucket is removed.

The auxiliary stack can be integrated into the Binder by having agloba variable top showing the most recent Symbol
bound in the table. Then "pushing” is accomplished by copying top into the prevtop field of the Binder. Thus, the
"stack” isthreaded through the binders.

If we wanted to use functiona-style symbol tables, the Tableinterface might look like this:

public class Table {
public Table();
public Tabl e put(Synbol key, Cbject val ue);
public Cbject get(Synmbol key);
public java.util.Enumeration keys();

}

The put function would return a new table without modifying the old one. We wouldn't need beginScope and



endScope, because we could keep an old version of the table even as we use the new version.
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52 TYPE-CHECKING MiniJava

With what should asymbol table befilled - that is, what isabinding? To enable type-checking of MiniJava programs,
the symbol table should contain al declared type information:

each variable name and formal-parameter name should be bound to itstype;
each method name should be bound to its parameters, result type, and loca variables; and

each class name should be bound to its variable and method declarations.

For example, consider Figure 5.7, which shows a program and its symbol table. The two classnamesB and C are
each mapped to two tables for fields and methods. In turn, each method is mapped to both its result type and tables
withitsformal parametersand local variables.

~w|  FIELDS [ FARAMS
- baolean atepiint pl | f f L { int
" q int LW AL
1 METHODS | ret int
K + start int ol ; int
slop bood —L
= PARAMS
- P ink
L ALS

Figure5.7: A MiniJava Program and its symbol table

The primitive typesin MiniJavaareint and boolean; dl other types are either integer array, writtenint [], or class
names. For smplicity, we choose to represent each type as a string, rather than as a symboal; thisalows usto test

type equdity by doing string comparison.

Type-checking of aMiniJava program proceedsin two phases. Firgt, we build the symbol table, and then we
type-check the statements and expressions. During the second phase, the symbol tableis consulted for each identifier
that isfound. It is convenient to use two phases because, in Javaand MiniJava, the classes are mutually recursive. If
wetried to do type-checking in asingle phase, then we might need to type-check acall to amethod that is not yet
entered into the symbol table. To avoid such situations, we use an approach with two phases.

Thefirst phase of the type-checker can be implemented by avisitor that visits nodesin a MiniJava syntaxtree and
builds asymbol table. For instance, the visit method in Program 5.8 handles variable declarations. It will add the
variable name and type to a data structure for the current classwhich later will be added to the symbol table. Notice
that the visit method checks whether avariable is declared more than once and, if so, then it prints an appropriate



Error message.

PROGRAM 5.8: A vist method for variable declarations

ErrorMsg {
| ean anyErrors;
void conplain(String nmsg) {
anyErrors = true;
System out. println(nsg);
}
}

Il Type t;
I/ ldentifier i;
public void visit(VarDecl n) {

Type t = n.t.accept(this);
String id =n.i.toString();

if (currMethod == null) {
if ('currdass.addVvar(id,t))
error.conmplain(id + "is already defined in " + currC ass.getld());
} else if (!currMethod. addvar(id,t))
error.conmplain(id + "is already defined in "
+ currd ass.getld() + "." + currMethod.getld());

The second phase of the type-checker can be implemented by avisitor that type-checks adl statementsand
expressons. The result type of each vist method is String, for representing MiniJavatypes. Theideaisthat when the
vigtor vigts an expression, then it returns the type of that expression. If the expression does not type-check, then the
type-check isterminated with an error message.

Let'stake asmple case: an addition expression el + €2. In MiniJava, both operands must be integers (the
type-checker must check this) and the result will be an integer (the type-checker will return thistype). Thevisit
method for addition is easy to implement; see Program 5.9.

PROGRAM 5.9: A visit method for plus expressons

p el, e2;
publtc Type visit(Plus n) {

if (! (n.el.accept(this) instanceof |ntegerType) )
error.conplain("Left side of LessThan nust be of type integer");
if (! (n.e2.accept(this) instanceof |ntegerType) )
error.conpl ain("Ri ght side of LessThan nust be of type integer");
return new I ntegerType();

}

In most languages, addition is overloaded: The + operator stands for either integer addition or redl addition. If the
operands are both integers, the result isinteger; if the operands are both redl, the result isred. And in many languages
if one operand isan integer and the other isred, theinteger isimplicitly converted into aredl, and theresult isred. Of
course, the compiler will have to make this conversion explicit in the machine code it generates.

For an assignment statement, it must be checked that the left-hand side and the right-hand side have the same type.
When we allow extension of classes, the requirement isless dirict: It is sufficient to check that theright-hand sideisa



subtype of the left-hand side.

For method cdlls, it is necessary to look up the method identifier in the symbol table to get the parameter list and the
result type. For acal em( ), where e hastype C, welook up the definition of min class C. The parameter types
must then be matched againgt the arguments in the function-cal expression. The result type of the method becomes
the type of the method call asawhole.

Every kind of statement and expression hasits own type-checking rules, but in al the cases we have not aready
described, the rules can be derived by reference to the Java L anguage Specification.

ERROR HANDLING

When the type-checker detects atype error or an undeclared identifier, it should print an error message and continue
- because the programmer would like to be told of dl the errorsin the program. To recover after an error, it's often
necessary to build data structures asif avalid expression had been encountered. For example, type-checking

{int i
int j

}...

new C();

i+ i

even though the expression new C() doesn't match the type required to initidize an integer, it isstill useful to enter i in
the symbol table as an integer so that the rest of the program can be type-checked.

If the type-checking phase detects errors, then the compiler should not produce a compiled program as output. This
means that the later phases of the compiler - trandation, register alocation, etc. - will not be executed. It will be
eager to implement the later phases of the compiler if they are not required to handleinvalid inputs. Thus, if at all
possible, dl errorsin theinput program should be detected in the front end of the compiler (parsing and

type-checking).
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PROGRAM TYPE-CHECKING

Design aset of vistors which type-checks a MiniJava program and produces any appropriate error messages about
mismatching types or undeclared identifiers.
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EXERCISES

5.1 Improve the hash table implementation of Program 5.2: Double the size of the array when the average
bucket length grows larger than 2 (so tableis now apointer to adynamicaly alocated array). To double an
array, alocate abigger one and rehash the contents of the old array; then discard the old array.

*** 5.2 In many applications, we want a+ operator for environments that does more than add one new
binding; inteadof = +{a },wewant = 1+ 2, where 1and 2 are arbitrary environments (perhaps

overlapping, in which case bindingsin 2 take precedence).

We want an efficient algorithm and data structure for environment "adding.” Balanced trees can implement +
{a } efficently (inlog(N) time, where N isthe size of ), but take O(N) to compute 1+ 2if 1and 2 are

both about size N.

To abgtract the problem, solve the genera nondigoint integer-set union problem. Theinput isa set of

commands of theform,

51 = [4] (define singleton set)
2 = (7]

53 = & U s (nendestiuctive union)
6 £ 43 Cimtennbersiip test)

sS4 = 8 Uy

55 = {9]

S5 =353 Xs

7 E 5

An efficient dgorithm is one that can process an input of N commands, answvering al membership queries, in
lessthan o(N2) time.

*a Implement an dgorithm that is efficient when atypicad set union a b ¢ has b much smaler than ¢ [Brown
and Tarjan 1979].

*** . Design an dgorithm that is efficient even in the worst case, or prove that this can't be done (see Lipton
et a. [1997] for alower bound in arestricted modd).
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Chapter 6. Activation Records

stack: an orderly pile or heap

Webgter's Dictionary
OVERVIEW

In amost any modern programming language, afunction may have local variablesthat are created upon entry to the
function. Severa invocations of the function may exist at the sametime, and each invocation hasitsown
instantiations of loca varigbles.

In the Java method

int f(int x) {
int y = x+x;
if (y<10)
return f(y);
el se
return y-1;

anew ingtantiation of x is created (and initidized by f'scaler) each timethat f is caled. Becausethere are recursive
cdls, many of these x'sexist smultaneoudy. Similarly, anew ingtantiation of y is created each timethe body of f is
entered.

In many languages (including C, Pascd, and Java), local variables are destroyed when afunction returns. Sincea
function returnsonly after al the functionsit has called have returned, we say that function cals behavein
lagt-in-firgt-out (LIFO) fashion. If loca variables are created on function entry and destroyed on function exit, then
we can use a LIFO data structure - astack - to hold them.
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HIGHER-ORDER FUNCTIONS

But in languages supporting both nested functions and function-valued variables, it may be necessary to keep local
varigbles after afunction has returned! Consider Program 6.1: Thisislegd in ML, but of coursein C one cannot
redlly nest thefunction g inddethe function f.

PROGRAM 6.1: An example of higher-order functions.

fun f(x) = int (*)() f(int x) {

let fun g(y) = x+y int g(int y) {return x+y;}
ing return g;
end }

val h = f(3) int (*h)() = f(3);

val | = f(4) int (*j)() = f(4);

val z = h(5) int z = h(5);

val w=j(7) int w=j(7);

(& Writtenin ML (b) Written in pseudo-C

When f(3) is executed, anew local variable X is created for the activation of function f. Then g isreturned asthe
result of f(x); but g has not yet been called, so y isnot yet created.

Atthispoint f hasreturned, but it istoo early to destroy x, because when h(5) iseventualy executed it will need the
vaue x = 3. Meanwhile, f(4) isentered, creating a different instance of x, and it returns a different instance of gin
whichx = 4.

It isthe combination of nested functions (whereinner functions may use variables defined in the outer functions) and
functions returned as results (or stored into variables) that causesloca variablesto need lifetimes|onger than their
enclosng function invocations.

Pascal has nested functions, but it does not have functions as returnable values. C has functions as returnable va ues,
but not nested functions. So these languages can use stacks to hold local variables.

ML, Scheme, and severd other languages have both nested functions and functions as returnable values (this
combinationiscaled higher-order functions). So they cannot use stacksto hold all local variables. This complicates
the implementation of ML and Scheme - but the added expressive power of higher-order functions justifies the extra
implementation effort.

For the remainder of this chapter we will consider languages with stackable local variables and postpone discussion
of higher-order functionsto Chapter 15. Notice that while Javaalows nesting of functions (viainner classes),



MiniJava does not.
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6.1 STACK FRAMES

The smplest notion of a stack isadata structure that supports two operations, push and pop. However, it turns out
that loca variables are pushed in large batches (on entry to fu