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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.
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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.

a-3 fa-&

IF mn NUM

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.

- . 4 Previous | Mext ¢
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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.

. 4 Previous | Mext ¢
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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.

. 4 Previous | Mext ¢
Team-Fly " §



Team-Fly

4 Previous | Mesxt #

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 functions) and popped in large batches (on exit).
Furthermore, when local variables are created they are not dwaysinitidized right away. Findly, after many variables
have been pushed, we want to continue accessing variables deep within the stack. So the abstract push and pop
model isjust not suitable.

Instead, we treat the stack as abig array, with aspecia register - the stack pointer - that points at some location.
All locations beyond the stack pointer are considered to be garbage, and al locations before the stack pointer are
considered to be dlocated. The stack usualy grows only at the entry to afunction, by an increment large enough to
hold al thelocd variablesfor that function, and, just before the exit from the function, shrinks by the same amount.
The areaon the stack devoted to the local variables, parameters, return address, and other temporaries for afunction
iscaled thefunction's activation record or stack frame. For historical reasons, run-time stacks usualy art at a
high memory address and grow toward smaller addresses. This can be rather confusing: Stacks grow downward and
shrink upward, likeicicles.

The design of aframelayout takes into account the particular features of an ingtruction set architecture and the
programming language being compiled. However, the manufacturer of acomputer often prescribes a™ standard”
frame layout to be used on that architecture, where possible, by al compilersfor al programming languages.
Sometimesthislayout is not the most convenient onefor a particular programming language or compiler. But by using
the "standard” |ayout, we gain the considerable benefit that functions written in one language can call functionswritten
in another language.

Figure 6.2 shows atypical stack framelayout. The frame has aset of incoming arguments (technicaly these are
part of the previous frame but they are at aknown offset from the frame pointer) passed by the cdler. The return
address iscreated by the CALL ingtruction and tellswhere (within the calling function) control should return upon
completion of the current function. Some local variables arein thisframe; other loca variables are kept in machine
registers. Sometimes alocal variable kept in aregister needs to be saved into the frame to make room for other uses
of theregidter; thereisan areain the frame for this purpose. Finally, when the current function cals other functions, it
can use the outgoing argument space to pass parameters.
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Figure 6.2: A stack frame.

THE FRAME POINTER

Suppose afunction g( ) calsthefunction f(al, , an). We say gisthe caller and f isthe callee. On entry to f, the
stack pointer pointsto the first argument that g passesto f . On entry, f alocates aframe by Smply subtracting the
frame size from the stack pointer SP.

The old SP becomesthe current frame pointer FP. In some frame layouts, FP is a separate register; the old vaue of
FPissaved in memory (in the frame) and the new FP becomesthe old SP. When f exits, it just copies FP back to
SP and fetches back the saved FP. Thisarrangement is useful if f 'sframe size can vary, or if framesare not aways
contiguous on the stack. But if the frame size isfixed, then for each function f the FP will dways differ from SP by a
known congtant, and it is not necessary to use aregister for FPat all FPisa"fictiond" register whose value isaways
SP + framesize.

Why tak about aframe pointer a al? Why not just refer to al variables, parameters, etc., by their offset from SP, if
theframe Szeis congtant? The frame Size is not known until quite late in the compilation process, when the number of
memory-resident temporaries and saved registersis determined. But it is useful to know the offsets of formal
parameters and local variables much earlier. So, for convenience, we till talk about aframe pointer. And we put the
formasand locasright near the frame pointer at offsetsthat are known early; the temporaries and saved registers go
farther away, at offsetsthat are known later .



REGISTERS

A modern machine has alarge set of registers (typicaly 32 of them). To make compiled programsrun fag, it's useful
to keep locd variables, intermediate results of expressions, and other vauesin registersinstead of in the stack frame.
Registers can be directly accessed by arithmetic instructions; on most machines, accessing memory requires separate
load and store ingtructions. Even on machines whose arithmetic ingtructions can access memory, it isfaster to access
registers.

A machine (usudly) has only one set of registers, but many different procedures and functions need to use registers.
Suppose afunction f isusing register r to hold alocal variable and calls procedure g, which also uses r for itsown
cdculaions. Then r must be saved (stored into a stack frame) before g usesit and restored (fetched back from the
frame) after g isfinished usngit. Butisit f 'sresponsibility to save and restore the register, or g's? We say that r isa
caller-save regigter if the cdler (inthis case, f) must save and restore theregister, and r is callee-save if itisthe
respongbility of the callee (inthiscase, g).

On most machine architectures, the notion of caller-save or callee-save register is not something built into the
hardware, but is a convention described in the machin€'s reference manua. On the MIPS computer, for example,
registers 16-23 are preserved across procedure calls (calee-save), and adl other registers are not preserved across
procedure calls (caler-save).

Sometimes the saves and restores are unnecessary. If f knowsthat the value of some variable x will not be needed
after thecdl, it may put x in acdler-saveregister and not save it when calling g. Conversdly, if f hasdocd variable i
that is needed before and after severd function calls, it may put i in some callee-save register ri, andsave ri just once
(upon entry to f )and fetch it back just once (before returning from f ). Thus, the wise sdlection of a caler-save or
callee-save register for each local variable and temporary can reduce the number of stores and fetches a program
executes. Wewill rely on our register alocator to choose the appropriate kind of register for each locd variable and
temporary vaue.

PARAMETER PASSING

On most machines whose calling conventions were designed in the 1970s, function arguments were passed on the
stack.[ 1] But this causes needless memory traffic. Studies of actua programs have shown that very few functions
have more than four arguments, and almost none have more than six. Therefore, parameter-passing conventionsfor
modern machines specify that thefirst k arguments (for k = 4 or k = 6, typically) of afunction are passed in registers
rp, , rp+ k 1, and the rest of the arguments are passed in memory.

Now, suppose f(al, , an) (which received its parametersinrl, , rn, for example) cals h(z). It must passthe
argument zinrl; so f savesthe old contents of r1 (thevaue al) inits stack frame before cdling h. But thereisthe
memory traffic that was supposedly avoided by passing argumentsin registersl How has the use of registers saved
any time?

There are four answers, any or dl of which can be used at the sametime:

1.



Some procedures don't call other procedures - these are called leaf procedures. What proportion of
procedures are leaves? Wdll, if we make the (optimistic) assumption that the average procedure cdls either
no other procedures or cals at least two others, then we can describe a"tree” of procedure callsin which
there are more leaves than interna nodes. This meansthat most procedures called are leaf procedures.

Leaf procedures need not write their incoming arguments to memory. In fact, often they don't need to
dlocate agtack frame et dl. Thisisan important savings.

Some optimizing compilersuse interprocedural register allocation, andyzing dl thefunctionsin an entire
program at once. Then they assign different procedures different registersin which to recelve parameters and
hold locdl varigbles. Thus f(x) might receive x inr1, but cal h(z) with zinr7.

Evenif f isnot aleaf procedure, it might be finished with dl its use of the argument x by thetimeit cals h
(technicdlly, x isadead variable at the point where h iscdled). Then f can overwrite r1 without saving it.

Some architectures have register windows, so that each function invocation can dlocate afresh set of
registers without memory treffic.

If f needsto write an incoming parameter into the frame, where in the frame should it go? Idedly, f 'sframe layout
should matter only in theimplementation of f . A straightforward approach would be for the caller to pass arguments a
1, ; akinregisersand ak+1, ; an at the end of its own frame - the place marked outgoing arguments in Figure 6.2
- which become the incoming arguments of the callee. If the callee needed to write any of these argumentsto
memory, it would write them to the areamarked local variables.

The C programming language actually allows you to take the address of aforma parameter and guaranteesthat al
theformal parameters of afunction are at consecutive addresses! Thisisthe varargsfeature that printf uses. Allowing
programmers to take the address of a parameter can lead to a dangling reference if the address outlives the frame -
asthe address of x will inint *f(int X){ return &x;} - and even when it does not lead to bugs, the consecutive-address
rule for parameters congtrains the compiler and makes stack-frame layout more complicated. To resolvethe
contradiction that parameters are passed in regigters, but have addresses too, the first k parameters are passed in
registers; but any parameter whose addressis taken must be written to amemory location on entry to the function.
To satisfy printf, the memory locationsinto which register arguments are written must dl be consecutive with the
memory locationsinwhich argumentsk + 1, k + 2, etc., are written. Therefore, C programs can't have some of the
arguments saved in one place and some saved in another - they must al be saved contiguoudly.

So in the standard calling convention of many modern machinesthe calling function reserves space for the register
argumentsin itsown frame, next to the place whereit writesargument k + 1. But the calling function does not actualy
write anything there; that paceiswritten into by the called function, and only if the called function needsto write
argumentsinto memory for any reason.

A more dignified way to take the address of aloca variableisto use call-by-reference. With cal-by-reference, the
programmer does not explicitly manipulate the address of avariable x. Instead, if x is passed as the argument to f(y),
where y isa"by-reference’ parameter, the compiler generates code to pass the address of x instead of the contents
of X. At any use of y within the function, the compiler generates an extra pointer dereference. With call-by-reference,



there can be no "dangling reference”’, snce y must disappear when f returns, and f returns before x's scope ends.

RETURN ADDRESSES

When function g cdlsfunction f, eventualy f must return. It needs to know where to go back to. If the call ingruction
within g isat address a, then (usualy) theright placeto returntois a + 1, thenext ingructionin g. Thisiscaled the
return address.

On 1970s machines, the return address was pushed on the stack by the call instruction. Modern science has shown
that it isfaster and more flexible to passthe return addressin aregister, avoiding memory traffic and aso avoiding the
need to build any particular stack disciplineinto the hardware.

On modern machines, the call ingtruction merely puts the return address (the address of the instruction after the call)
in adesignated register. A nonleaf procedure will then have to writeit to the stack (unlessinterprocedurd register
alocation isused), but aleaf procedure will not.

FRAME-RESIDENT VARIABLES

So amodern procedure-call convention will pass function parametersin registers, pass the return addressin a
register, and return the function result in aregister. Many of theloca variables will be alocated to registers, aswill the
intermediate results of expression evduation. Vaues are written to memory (in the stack frame) only when necessary
for one of these reasons:

the variable will be passed by reference, so it must have amemory address (or, in the C language the &
operator isanywhere applied to the variable);

the variable is accessed by a procedure nested inside the current onej[ 2]

the vaueistoo big to fit into asingle register;[ 3]

thevariableisan array, for which address arithmetic is necessary to extract components,

the register holding the variable is needed for a specific purpose, such as parameter passing (as described
above), though a compiler may move such vauesto other registersinstead of storing them in memory;

or there are so many loca variables and temporary vauesthat they won't dl fit in registers, in which case
some of them are"spilled” into the frame.



Wewill say that avariable escapes if it is passed by reference, its addressistaken (using C's & operator), or it is
accessed from anested function.

When aforma parameter or local variableis declared, it's convenient to assign it alocation - either inregistersor in
the stack frame - right at that point in processing the program. Then, when occurrences of that variable are found in
expressions, they can be trandated into machine code that refersto the right location. Unfortunately, the conditionsin
our list don't manifest themselves early enough. When the compiler first encountersthe declaration of avariable, it
doesn't yet know whether the variable will ever be passed by reference, accessed in anested procedure, or have its
address taken; and it doesn't know how many registersthe caculation of expressionswill require (it might be
desrableto put some locd varigblesin the frameingtead of in registers). An industrial-strength compiler must assign
provisonad locationsto al formasand locas, and decide later which of them should redly go in registers.

STATICLINKS

In languagesthat alow nested function declarations (such as Pascal, ML, and Java), the inner functions may use
variables declared in outer functions. Thislanguage festureis called block structure. For example, consider Program
6.3, which iswritten with a Pasca-like syntax. The function write refers to the outer variable output, and indent refers
to outer variables n and output. To make thiswork, the function indent must have access not only to its own frame
(for variablesi and s) but aso to the frames of show (for variable n) and prettyprint (for variable outpurt).

PROGRAM 6.3: Nested functions.

type tree = {key: string, left: tree, right: tree}

3 function prettyprint(tree: tree) : string =
4 | et

5 var output :=""

6

7 function wite(s: string) =

8 out put := concat (output,s)

9

10 function show(n:int, t: tree) =

11 let function indent(s: string) =
12 (for i :=1ton

13 do wite(" ");

14 out put := concat (output,s); wite("\n"))
15 inif t=nil then indent(".")

16 el se (indent(t.key);

17 show(n+l,t.left);

18 show(n+1,t.right))

19 end

20

21 in showm 0, tree); output

22 end

There are severad methodsto accomplish this:

Whenever afunction f iscalled, it can be passed apointer to the frame of the function statically enclosing f ;



thispointer isthe static link.

A globd array can be maintained, containing - in position i - apointer to the frame of the most recently
entered procedure whose static nesting depth isi. Thisarray iscaled a display.

When g cdlisf, each variable of g that isactualy accessed by f (or by any function nested inside f ) is passed
to f asan extraargument. Thisiscaled lambda lifting.

Wewill describe in detail only the method of gtatic links. Which method should be used in practice? See Exercise 6.6.

Whenever afunction f iscalled, it is passed a pointer to the stack frame of the "current” (most recently entered)
activation of thefunction g that immediately enclosesf in thetext of the program.

For example, in Program 6.3:

Linet#

21 prettyprint calls show, passing prettyprint's own frame pointer as show's gatic link.

10 show gtoresits static link (the address of prettyprint's frame) into its own frame,

15 show cdlsindent, passing its own frame pointer asindent's static link.

17 show cals show, passing its own gatic link (not its own frame pointer) asthe gatic link.

12 indent usesthe value n from show'sframe. To do o, it fetches at an appropriate offset from indent's static link
(which points at the frame of show).

13 indent calswrite. It must pass the frame pointer of prettyprint asthe static link. To obtain this, it first fetches at an
offset fromits own static link (from show's frame), the static link that had been passed to show.

14 indent uses the variable output from prettyprint'sframe. Todosoit startswith its own static link, then fetches show's,
then fetches output.[ 4]

So on each procedure cal or variable access, achain of zero or more fetchesis required; the length of the chainis
just the difference in static nesting depth between the two functions involved.

6.2 FRAMESIN THE MiniJava COMPILER



What sort of stack frames should the MiniJava compiler use? Here we face the fact that every target-machine
architecture will have adifferent sandard stack frame layout. If we want MiniJavafunctionsto beableto cal C
functions, we should use the standard layout. But we don't want the specifics of any particular machine intruding on
the implementation of the trandation module of the MiniJavacompiler.

Thuswe mugt use abstraction. Just as the Symbol module provides aclean interface, and hidesthe interna
representation of Symbol. Table from its clients, we must use an abstract representation for frames.

Theframeinterface will look something likethis

package Frane;
i mport Tenp. Tenp; inport Tenp. Label

public abstract class Access { ... }
public abstract class AccessList {...head;...tail;... }
public abstract class Frane {
abstract public Frame newkrane(Label nane,
Util.Bool List formals);
public Label nane;
public AccessList fornmals;
abstract public Access alloclLocal (bool ean escape);
/* ... other stuff, eventually ... *

}

The abgtract class Frameisimplemented by amodule specific to the target machine. For example, if compiling to the
MIPS architecture, there would be

package M ps;
cl ass Franme extends Frame.Frane { ... }

In genera, we may assume that the machine-independent parts of the compiler have accessto thisimplementation of
Frame, for example,

/1 in class Min. Main:
Frame. Frane frame = new M ps. Frame(...);

Inthisway the rest of the compiler may access frame without knowing the identity of the target machine (except an
occurrence of theword Mips here and there).

The class Frame holds information about formal parameters and local variables dlocated in thisframe. To makea
new framefor afunction f with k forma parameters, cal newFrame(f, 1), where | isalist of k booleans: true for each
parameter that escapes and false for each parameter that does not. (In MiniJava, no parameters ever escape.) The
result will be a Frame object. For example, consider athree-argument function named g whose first argument
escapes (needs to be kept in memory). Then

frame. newFr ame( g, new Bool Li st (true
new Bool Li st (fal se,
new Bool Li st (false, null))))

returns a new frame object.



The Access class describes formas and locals that may beintheframe or in registers. Thisisan abstract data type,
S0 itsimplementation asapair of subclassesisvisble only ingde the Frame module:

package M ps;

class I nFrane extends Frame. Access {int offset; ... }
class I nReg ext ends Frane. Access {Tenp tenp; ... }

InFrame(X) indicates amemory location at offset X from the frame pointer; INReg(t84) indicatesthat it will behddin
"regiger” t84. Frame.Accessis an abstract datatype, so outside of the module the InFrame and InReg constructors
arenot visble. Other modules manipulate accesses using interface functions to be described in the next chapter.

Theformasfiddisalis of k "accesses' denoting the locations where the forma parameterswill be kept at run time,
as seen from insde the callee. Parameters may be seen differently by the caller and the callee. For example, if
parameters are passed on the stack, the caller may put a parameter at offset 4 from the stack pointer, but the callee
seesit at offset 4 from the frame pointer. Or the caller may put aparameter into register 6, but the callee may want to
move it out of the way and aways accessit from register 13. On the Sparc architecture, with register windows, the
caler puts a parameter into register o1, butthe save ingtruction shifts register windows so the callee seesthis
parameter inregister il.

Because this "shift of view" depends on the calling conventions of the target machine, it must be handled by the Frame
module, starting with newFrame. For each formal parameter, newFrame must calculate two things:

How the parameter will be seen from insde the function (in aregiter, or in aframe location).

What ingtructions must be produced to implement the "view shift."

For example, aframe-resident parameter will be seen as"memory at offset X from the frame pointer”, and the view
shift will beimplemented by copying the stack pointer to the frame pointer on entry to the procedure.

REPRESENTATION OF FRAME DESCRIPTIONS

The implementation module Frame is supposed to keep the representation of Frame objects secret from any clients
of the Frame module. But redly it's an object holding:

thelocations of dl theformdls,

ingructions required to implement the "view shift”,



the number of locas dlocated so far,

and thelabel at which the function's machine code isto begin (see page 131).

Table 6.4 showsthe formas of the three-argument function g (see page 127) as newFrame would allocate them on
three different architectures. the Pentium, MIPS, and Sparc. The first parameter escapes, so it needs to be InFrame
on all three machines. The remaining parameters are InFrame on the Pentium, but InReg on the other machines.

.6.4: Formal parametersfor g(x1, x2, x3) where x1 escapes.

Pentium MIPS Sparc
1 InFrame(8) InFrame(0) InFrame(68)
Formas?2 InFrame(12) InReg(t157) InReg(t157)
3 InFrame(16) INReg(t158) INReg(t158)
View Shift fp M[sp+ K+0Q] r4 M[fp + 68] i0
s p K t157 r5 t157 il
t158 r6 t158 i2

.ashly created temporaries t157 and t158, and the move ingtructions that copy r4 and r5 into them (or on the
Sparc, i1 and i2), may seem superfluous. Why shouldn't the body of g just access these formals directly from the
registersin which they arrive? To see why not, consider

void n(int x, int y) { h(y,y); h(x,x); }
If X staysin "parameter register 1" throughout m, and y is passed to h in parameter register 1, then thereisaproblem.

Theregigter dlocator will eventudly choose which machine register should hold t157. If there is no interference of the
type shown in function m, then (on the MIPS) the allocator will take care to choose register r4 to hold t157 and r5 to
hold t158. Then the move ingructionswill be unnecessary and will be deleted at that time.



See ds0 pages 157 and 251 for more discussion of the view shift.

LOCAL VARIABLES

Someloca variables are kept in the frame; others are kept in registers. To alocate anew loca variablein aframef,
thetrandation phase cals

f.all ocLocal (fal se)

Thisreturns an InFrame access with an offset from the frame pointer. For example, to allocate two locd variables on
the Sparc, dlocLoca would be cdled twice, returning successively InFrame(-4) and InFrame(-8), which are
standard Sparc frame-pointer offsetsfor loca variables.

The boolean argument to allocL ocal specifies whether the new variable escapes and needsto go intheframe; if itis
fase, then the variable can be dlocated in aregister. Thus, f.alocL ocal (fase) might create InReg(t481).

For MiniJava, that no variables escape. Thisis becausein MiniJava

thereisno nesting of classes and methods;

it isnot possible to take the address of avariable;

integers and booleans are passed by vaue; and

objects, including integer arrays, can be represented as pointers that are also passedbyvaue.

The calsto adlocL ocal need not comeimmediately after the frameis created. In many languages, there may be
variable-declaration blocks nested inside the body of afunction. For example,

void f()
{int v=6;
print(v);
{int v=7;
print(v);

print(v);
{int v=8;
print(v);
}

print(v);



In this case there are three different variables v. The program will print the sequence 6 7 6 8 6. As each variable
declaration is encountered in processing the program, we will alocate atemporary or new spacein the frame,
associated with the name v. As each end (or closing brace) is encountered, the association with v will be forgotten -
but the space is till reserved in the frame. Thus, there will be adistinct temporary or frame dot for every variable
declared within the entire function.

The register alocator will use asfew registers as possible to represent the temporaries. In this example, the second
and third v variables (initidized to 7 and 8) could be held in the same register. A clever compiler might aso optimize
the sze of the frame by noticing when two frame-resident variables could be alocated to the same dot.

TEMPORARIESAND LABELS

The compiler's trandation phase will want to choose registersfor parameters and loca variables, and choose
meachine-code addresses for procedure bodies. But it istoo early to determine exactly which registers are available,
or exactly where a procedure body will be located. We use the word temporary to mean avauethat istemporarily
held in aregister, and the word label to mean some machine-language location whose exact addressis yet to be
determined - just like alabel in assembly language.

Temps are abstract namesfor loca variables; |abdls are abstract names for static memory addresses. The Temp
module manages these two distinct sets of names.

package Tenp;

public class Tenmp {
public String toString();
public Temp();

}

public class Label {
public String toString();
public Label ();
public Label (String s);
public Label (Synbol s);

}
public class TenpList {...}

public class LabelList {...}

new Temp.Temp() returns anew temporary from an infinite set of temps. new Temp.Label() returnsanew label from
aninfinite set of labels. And new Temp.Labd (string)) returns anew label whose assembly-language nameis string.

When processing the declaration m('), alabd for the address of m's machine code can be produced by new
Temp.Labd(). It'stempting to cal new Temp.Labe ("m") instead - the assembly-language program will be essier to
debug if it usesthelabel minstead of L213 - but unfortunately there could be two different methods named min
different classes. A better ideaiisto cal new Temp.Labd ("C'+"$'+"'m"), where Cisthe name of the classin which
the method m occurs.

MANAGING STATIC LINKS



The Frame module should be independent of the specific source language being compiled. Many source languages,
including MiniJava, do not have nested function declarations; thus, Frame should not know anything about dtetic links.
Insteed, thisisthe responsbility of the trandation phase. The trandation phase would know that each frame contains
adatic link. The gatic link would be passed to afunction in aregister and stored into the frame. Since the atic link
behaves so much like aformal parameter, we can treet it as one (as much as possible).

[1]Before about 1960, they were passed not on the stack but in staticaly allocated blocks of memory, which
precluded the use of recursive functions.

[2]However, with register dlocation across function boundaries, local variables accessed by inner functions can
sometimes go in registers, aslong asthe inner function knows where to look.

[3]However, some compilers spread out alarge value into severd registersfor efficiency.

[4] This program would be cleaner if show called write here instead of manipulating output directly, but it would not
be asingructive.
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PROGRAM FRAMES

If you are compiling for the Sparc, implement the Sparc package containing Sparc/SparcFramejava. If compiling for
the MIPS, implement the Mips package, and so on.

If you are working on a RISC machine (such as MIPS or Sparc) that passesthefirst k parametersin registersand
the rest in memory, keep things smple by handling only the case where there are k or fewer parameters.

Supporting filesavailable in $MINIJAV A/chap6 include:
Temp/* The module supporting temporaries and labels.
Util/BoolList.java The classfor lists of booleans.

Optional: Handle functionswith morethan k formal parameters.
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FURTHER READING

The use of a single contiguous stack to hold variables and return addresses dates from Lisp [M cCarthy 1960] and
Algol [Naur et a. 1963]. Block structure (the nesting of functions) and the use of atic links are dso from Algol.

Computers and compilers of the 1960s and "70s kept most program variablesin memory, so that there was less need
to worry about which variables escaped (needed addresses). The VAX, built in 1978, had a procedure-call
ingtruction that assumed al arguments were pushed on the stack, and itsalf pushed program counter, frame pointer,
argument pointer, argument count, and callee-save register mask on the stack [Leonard 1987].

With the RISC revolution [Patterson 1985] came the ideathat procedure caling can be done with much less memory
traffic. Loca variables should be kept in registers by default; storing and fetching should be done as needed, driven
by "spilling" in the register dlocator [Chaitin 1982].

Most procedures don't have more than five arguments and five local variables [ Tanenbaum 1978]. To take
advantage of this, Chow et a. [1986] and Hopkins[1986] designed calling conventions optimized for the common
case: Thefirgt four arguments are passed in registers, with the (rare) extra arguments passed in memory; compilers
use both caller- and callee-save registersfor loca variables; leaf procedures don't even need stack frames of their
own if they can operate within the caller-save registers; and even the return address need not alway's be pushed on
the stack.
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EXERCISES

6.1 Using the C compiler of your choice (or acompiler for another language), compile some small test
functionsinto assembly language. On Unix thisisusualy done by cc -S. Turn on dl possible compiler
optimizations. Then evauate the compiled programs by these criteria

a.

a Arelocd variableskept in registers?

b. If loca variable b islive across more than one procedure cal, isit kept in a callee-save register?
Explain how doing thiswould speed up the following program:

int f(int a) {int b; b=a+l; g(); h(b); return b+2;}
C.

c. If loca variable x is never live across a procedure cal, isit properly kept in acdler-save register?
Explain how doing thiswould speed up the following program:

void h(int y) {int x; x=y+1; f(y); f(2);}

6.2 If you have a C compiler that passes parametersin registers, make it generate assembly language for this
function:

extern void h(int, int);
void n(int x, int y) {h(y,y); h(x,x);}

Clearly, if argumentsto m(x, y) arriveinregisters rargl and rarg2, and argumentsto h must be passedin r
argl and rarg2, then x cannot stay in rargl during the marshdling of argumentsto h(y, y). Explain when and
how your C compiler moves x out of the rargl register so asto cal h(y, y).

6.3 For each of thevariables a, b, ¢, d, e inthis C program, say whether the variable should be kept in
memory or aregister, and why.

int f(int a, int b)
{ int c[3], d, e;
d=a+1,;
e=g(c, &b);
return e+c[ 1] +b;



*6.4 How much memory should this program use?

int f(int i) {int j,k; j=i*i; k=i?f(i-1):0; return k+;}
voi d main() {f(100000);}

a.

Imagine acompiler that passes parametersin registers, wastes no space providing "backup storage” for
parameters passed in registers, does not use static links, and in general makes stack framesassmall as
possible. How big should each stack framefor f be, in words?

What isthe maximum memory use of this program, with such acompiler?

Using your favorite C compiler, compilethis program to assembly language and report the sze of f's
stack frame.

Cdculate the total memory use of this program with thereal C compiler.

Quantitatively and comprehensively explain the discrepancy between (&) and (c).

Comment on the likelihood that the designers of this C compiler considered deeply recursive functions
important in real programs.

*6.5 Instead of (or in addition to) using gatic links, there are other ways of getting access to nonlocal
variables. Oneway isjust to leave the variable in aregister!

function f() : int =
let var a := 5
function g() : int =
(a+l)
in g()+g()
end

If aisleftinregiger r7 (for example) while g iscalled, then g can just accessit from there.

What propertiesmust alocd variable, the function in which it isdefined, and the functionsin which it is used,
havefor thistrick to work?



*6.6 A display isadata structure that may be used as an dternative to satic links for maintaining accessto
nonloca variables. It isan array of frame pointers, indexed by static nesting depth. Element Di of the display
aways pointsto the most recently caled function whose gatic nesting depthis .

The bookkeeping performed by afunction f, whose static nesting depthis i, lookslike:

Copy D to save locationin stack franme
Copy frame pointer to Di

. body of f ...
Copy save | ocationback to Di

In Program 6.3, function prettyprint is at depth 1, write and show are at depth 2, and so on.
a.

Show the sequence of machine instructions required to fetch the variable output into aregister at line 14
of Program 6.3, using gatic links.

Show the machine ingtructions required if adisplay were used instead.

When variable x isdeclared at depth d1 and accessed at depth d2, how many ingtructions doesthe
datic-link method requireto fetch x?

How many does the display method require?

How many instructions does static-link maintenance require for a procedure entry and exit (combined)?

How many instructions does display maintenance require for procedure entry and exit?

Should we use displaysinstead of static links? Perhaps; but the issue is more complicated. For languages
such as Pascal with block structure but no function variables, displays work well.

But the full expressive power of block structure is obtained when functions can be returned as results of other
functions, asin Scheme and ML. For such languages, there are more issues to consider than just
variable-access time and procedure entry-exit cost: thereis closure-building cost, and the problem of
avoiding ussless data kept live in closures. Chapter 15 explains some of theissues.
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Chapter 7. Trandation to
|ntermediate Code

trans-late: to turn into one's own or another language

Webgter's Dictionary
OVERVIEW

The semantic anadysis phase of acompiler must trandate abstract syntax into abstract machine code. It can do this
after type-checking, or a the sametime.

Thoughitispossbleto trandate directly to rea machine code, this hinders portability and modularity. Suppose we
want compilersfor N different source languages, targeted to M different machines. In principlethisis N - M compilers
(Figure 7.1a), alarge implementation task.

Java — .

Java ; =parc
h ;

ML o I
MESNL /- MIPs

Pascal —

i Vo Pemium
' f/__.' .-".
|'. \-\.

P AN i LA
oy L —— ltanium .y  tanivm

Figure 7.1: Compilersfor five languages and four target machines. (a) without an IR, (b) withan IR.

Anintermediate representation (IR) isakind of abstract machine language that can express the target-machine
operations without committing to too much machine-specific detail. But it is aso independent of the details of the
source language. The front end of the compiler doeslexica andyss, parsng, semantic andyds, and trandation to
intermediate representation. The back end does optimization of the intermediate representation and trandation to
meachine language.

A portable compiler trand ates the source language into IR and then trandates the IR into machine language, as
illugrated in Figure 7.1b. Now only N front ends and M back ends are required. Such an implementation task is
more reasonable.

Even when only one front end and one back end are being built, agood IR can modularize the task, so that the front



end is not complicated with machine-specific details, and the back end is not bothered with information specific to
one source language. Many different kinds of IR are used in compilers; for this compiler we have chosen smple
expression trees.
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/1INTERMEDIATE REPRESENTATION
TREES

The intermediate representation tree language is defined by the package Tree, containing abstract classes Stm and
Exp and their subclasses, asshownin Figure 7.2.

.ge Tree;

abstract class Exp

CONST(i nt val ue)

NAMVE( Label | abel)

TEMP( Tenp. Tenp tenp)

BI NOP(i nt binop, Exp left, Exp right)
MEM(Exp exp)

CALL(Exp func, ExpList args)

ESEQ( St m stm Exp exp)

abstract class Stm

MOVE( Exp dst, Exp src)

EXP( Exp exp)

JUWP(Exp exp, Tenp. Label List targets)

CJUWP(int relop, Exp left, Exp right, Label iftrue, Label iffalse)
SEQ(Stmleft, Stmright)

LABEL ( Label | abel)

ot her cl asses:
ExpLi st (Exp head, ExpList tail)
Stnlist (Stm head, Stnlist tail)

ot her constants:
final static int BINOP. PLUS, BI NOP. M NUS, BI NOP. MJL, BI NOP. DIV, Bl NOP. AND,
Bl NOP. OR, BI NOP. LSHI FT, BI NOP. RSHI FT, Bl NOP. ARSHI FT, BI NOP. XOR;

final static int CJUWP. EQ CIJUMP. NE, CJUWP.LT, CIUWMP.GI, CJUMP. LE,
CJUwP. GE, CJUWP. ULT, CJUWMP. ULE, CJUWMP. UGT, CIJUMP. UGE;

. 7.2: Intermediate representation trees.

A good intermediate representation has severa qualities:

It must be convenient for the semantic analysis phaseto produce. It must be convenient to trandate into redl
machine language, for al the desired target machines.

Each congtruct must have a clear and smple meaning, so that optimizing transformations that rewrite the
intermedi ate representation can easly be specified and implemented.



Individua pieces of abstract syntax can be complicated things, such as array subscripts, procedure calls, and so on.
And individua "red machine" ingtructions can aso have acomplicated effect (though thisislesstrue of modern RISC
machines than of earlier architectures). Unfortunatdly, it is not always the case that complex pieces of the abstract
syntax correspond exactly to the complex instructions that a machine can execute.

Therefore, the intermediate representation should have individua componentsthat describe only extremely smple
things: asingle fetch, store, add, move, or jump. Then any "chunky" piece of abstract syntax can be trandated into
just theright set of abstract machineingtructions; and groups of abstract machine instructions can be clumped
together (perhapsin quite different clumps) to form "red” machineingructions.

Hereis adescription of the meaning of each tree operator. First, the expressions (Exp), which stand for the
computation of some vaue (possibly with Sde effects):

CONST (i) Theinteger condtant i.

NAME(n) The symboalic congtant n (corresponding to an assembly language |abd).

TEMP(t) Temporary t. A temporary in the abstract machineis similar to aregister in area machine.
However, the abstract machine has an infinite number of temporaries.

BINOP(o, €1, €2) The application of binary operator o to operands €1, e2. Subexpression €l is evaluated
before €2. Theinteger arithmetic operators are PLUS, MINUS, MUL, DIV; theinteger bitwise logica
operatorsare AND, OR, XOR,; the integer logica shift operatorsare LSHIFT, RSHIFT; the integer
aithmetic right-shiftisARSHIFT. The MiniJavalanguage has only one logica operator, but the intermediate
language is meant to be independent of any source language; dso, the logica operators might be used in
implementing other festures of MiniJava

MEM(e) The contents of wordS ze bytes of memory starting at address e (where wordSze isdefined inthe
Frame module). Note that when MEM is used astheleft child of aMOVE, it means "store”, but anywhere
eseit means"fetch.”

CALL(f, ) A procedure cdl: the gpplication of function f to argument list |. The subexpression f isevauated
before the arguments which are evauated |eft to right.

ESEQ(s, €) The satement sisevauated for Sde effects, then eisevauated for aresult.

The statements (8m) of the tree language perform side effects and control flow:



MOVE(TEMPt, e) Evduate e and moveit into temporary t.

MOVE(MEM(el) €2) Evduate el, yielding address a. The nevduate €2, and store the result into wordSze
bytes of memory arting & a.

EXP(e) Evduate e and discard the resuilt.

JUMP(g, labs) Transfer control (jump) to address e. The destination e may be aliterd labdl, asin NAME(
lab), or it may be an address calculated by any other kind of expression. For example, a C-language
switch(i) statement may be implemented by doing arithmetic on i. Thelist of |abelslabs specifiesall the
possible locations that the expression e can evauate to; thisis necessary for dataflow andysislater. The
common case of jumping to aknown labd | iswritten as JUMP(NAME |, new LabelLisi(I, null)), but the
JUMP class has an extra constructor so that this can be abbreviated as JUMP().

CIUMP(o, €1, e2, t, f) Evduate €1, €2 in that order, yielding vaues a, b. Then compare a, b usng the
relationa operator o. If theresult istrue, jumpto t; otherwisejumpto f . Therelational operators are EQ and
NE for integer equality and nonequality (sSgned or unsigned); signed integer inequaditiesL T, GT, LE, GE; and
unsigned integer inequditiesULT, ULE, UGT, UGE.

SEQ(s1, s2) The statement sl followed by s2.

LABEL (n) Define the constant value of name n to be the current machine code address. Thisislike alabel
definition in assembly language. The value NAME(n) may be the target of jumps, cals, etc.

It isamogt possibleto give aforma semanticsto the Tree language. However, thereisno provision in thislanguage
for procedure and function definitions - we can specify only the body of each function. The procedure entry and exit
sequences will be added later as specid "glue” that is different for each target machine.
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/2 TRANSLATION INTO TREES

Trandation of abstract syntax expressonsinto intermediate trees is reasonably straightforward; but there are many
casesto handle. Wewill cover the trandation of various language congtructs, including many from MiniJava

KINDS OF EXPRESSIONS

The MiniJava grammar has clearly distinguished statements and expressions. However, in languages such as C, the
distinction isblurred; for example, an assgnment in C can be used as an expression. When trandating such languages,
we will have to ask the following question. What should the representation of an abstract-syntax expression bein the
Treelanguage? At fird it seems obviousthat it should be Tree. Exp. However, thisistrue only for certain kinds of
expressions, the ones that compute avaue. Expressionsthat return no value are more naturaly represented by

Tree. Stm. And expressions with boolean vaues, such as a > b, might best be represented as a conditiona jump - a
combination of Tree. Stm and a pair of destinations represented by Temp.Labels.

It is better instead to ask, "how might the expression be used?' Then we can make the right kind of methods for an
object-oriented interface to expressons. Both for MiniJava and other languages, we end up with Trandate. Exp, not
the same class as Tree.Exp, having three methods:

package Transl ate;
public abstract class Exp {
abstract Tree. Exp unkEx();
abstract Tree. Stm unNx();
abstract Tree. St m unCx(Tenp. Label t, Tenp. Label f);

}

Ex standsfor an "expression”, represented as a Tree. Exp.

Nx standsfor "no result”, represented as a Tree statement.

Cx gandsfor "conditiond™, represented as afunction from label-pair to statement. If you passit atrue
destination and afalse dedtination, it will make a statement that eval uates some conditionals and then jumpsto
one of the destinations (the statement will never "fal through™).

For example, the MiniJava statement

if (a<b && c<d) {
/'l true bl ock



}

el se {
/1l false block
}

might trandate to a Trandate.Exp whose unCx method isroughly like

Tree. St m unCx(Label t, Label f) {
Label z = new Label ();
return new SEQ new CIUMP(CIUMP. LT, a, b, z, f),
new SEQ new LABEL(Zz),
new CJUMP(CIJUMP. LT, c,d,t,f)));

The abstract class Trandate. Exp can be ingtantiated by severa subclasses: Ex for an ordinary expresson that yieldsa
single vaue, Nx for an expression that yields no value, and Cx for a"conditiona” expression that jumpsto ether t or f

class Ex extends Exp {
Tree. Exp exp;
Ex(Tree. Exp e) {exp=e;}
Tree. Exp unEx() {return exp;}
Tree. StmunNx() { ... 2... }
Tree. St m unCx(Label t, Label f) { ... 2... }
}
class Nx extends Exp {
Tree. Stm stm
Nx(Tree. Stms) {stnrs;}

Tree. Exp unkEx() { ... 2... }
Tree. StmunNx() {return stm}
Tree. St m unCx(Label t, Label f) { ... 2... }

But what does the unNx method of an Ex do? We have asmple Tree.Exp that yields avaue, and we are asked to
produce a Tree.Stm that produces no value. Thereis a conversion operator Tree.EXP, and unNx must apply it:

class Ex extends Exp {
Tree. Exp exp;

Tree. StmunNx() {return new Tree. EXP(exp); }

Each kind of Trandate.Exp class must have smilar conversion methods. For example, the MiniJava statement

flag = (a<b && c<d);

requires the unEx method of a Cx object so that a1 (for true) or O (for false) can be stored into flag.

Program 7.3 showsthe class Cx. The unEx method is of particular interest. To convert a"conditiond™ into a"vaue
expresson”, weinvent anew temporary r and new labels t and f. Then we make a Tree.Stm that movesthevalue 1
into r, and aconditiona jump unCx(t, f) that implementsthe conditiond. If the condition isfase, then 0ismoved into
r; if itistrue, then execution proceeds a t and the second moveis skipped. The result of the wholething isjust the



temporary r containing zero or one.

PROGRAM 7.3: The Cx class.

act class Cx extends Exp {
e. Exp unkEx() {
Temp r = new Tenp();
Label t = new Label ();
Label f = new Label ();
return new Tree. ESEQ
new Tree. SEQ new Tree. MIVE(new Tree. TEMP(r),
new Tree. CONST(1)),
new Tree. SEQ unCx(t, f),
new Tree. SEQ(new Tree. LABEL(f),
new Tree. SEQ(nhew Tree. MIE(new Tree. TEMP(r),
new Tree. CONST(0)),
new Tree. LABEL(t))))),
new Tree. TEMP(r));

}

abstract Tree. St munCx(Label t, Label f);

Tree.StmunNx() { ... }
}

The unCx method is till abstract: We will discussthis later, with the trandation of comparison operators. But the
unEx and unNx methods can till be implemented in terms of the unCx method. We have shown unEx; wewill leave
unNXx (whichissmpler) asan exercise.

The unCx method of class Ex isleft asan exercise. It's helpful to have unCx treeat the cases of CONST Oand
CONST 1 specidly, sincethey have particularly smple and efficient trandations. Class Nx's unEx and unCx methods
need not be implemented, since these cases should never occur in compiling awell-typed MiniJava program.

SIMPLE VARIABLES

For asmple varigble v declared in the current procedure's stack frame, we trandateit as
MEM
I
BINGP

PLUS TEMP fp CONSTk

MEM{BINOP(PLUS, TEMP f£p, CONST k))

where k isthe offsat of v within the frame and TEMP fp isthe frame-pointer register. For the MiniJava compiler we
make the Smplifying assumption that dl variables are the same size - the natural word Sze of the machine.

The Frame class holds al machine-dependent definitions; here we add to it aframe-pointer register FP and a
congtant whose vaue isthe machine's natural word size:

package Frane;
public class Franme {



abstract public Tenp FP();
abstract public int wordSize();

}

public abstract class Access {
public abstract Tree. Exp exp(Tree. Exp framePtr);
}

Inthisand later chapters, we will abbreviate BINOP(PLUS, €1, €2) as + (€1, €2), so the tree above would be

shown as
MEM
I

P
TEMP fp CONST K

+(TEMP fp, CONST &)

The exp method of Frame.Accessis used by Trandate to turn aFrame. Access into the Tree expression. The
Tree.Exp argument is the address of the stack frame that the Accesslivesin. Thus, for an access a such as InFrame(k
), we have

a. exp(new TEMP(frane. FP())) =
MEM BI NOP( PLUS, TEMP(frare. FP()), CONST(K)))

If aisaregister access such as InReg(t832), then the frame-address argument to a.exp() will be discarded, and the
result will be smply TEMP t832.

Anl-valuesuch asv or a[i] or p:next can appear ether on the left Sde or theright Sde of an assgnment statement - |
standsfor left, to distinguish from r-vaues, which can gppear only on theright Side of an assgnment. Fortunatdly,
both MEM and TEMP nodes can appear on the left of aM OV E node.

ARRAY VARIABLES

For the rest of this chapter we will not specify all the interface functions of Trandate, as we have donefor smpleVar.
But the rule of thumb just given appliesto al of them: There should be a Trand ate function to handle array subscripts,
onefor record fields, onefor each kind of expression, and so on.

Different programming languagestreat array-vaued variables differently.

In Pascd, an array variable stands for the contents of the array - in thiscase dl 12 integers. The Pasca program

var a,b : array[1..12] of integer
begi n

a:=b
end;

copiesthe contents of array a into array b.



In C, thereis no such thing as an array variable. There are pointer variables, arrays are like "pointer constants.” Thus,
thisisillegd:

{int a[12], b[12];
a=b;

}
but thisisquitelegd:
{int a[12], *b;

b=a;

}

The statement b=a does not copy the elements of a; ingtead, it meansthat b now pointsto the beginning of the array a

In MiniJava (asin Javaand ML), array variables behave like pointers. MiniJava has no named array constants asin
C, however. Instead, new array values are created (and initidized) by the congtruct new int[n]; where n isthe number
of dements, and Oistheinitid value of each dement. In the program

int [] a;

a = newint[12];
b =newint[12];
a = b;

the array variable a ends up pointing to the same 12 zeros asthe variable b; the origina 12 zeros alocated for a are
discarded.

MiniJava objects are so pointers. Object assignment, like array assignment, is pointer assgnment and does not
copy dl thefieds (see below). Thisisaso true of other object-oriented and functiona programming languages, which
try to blur the syntactic distinction between pointers and objects. In C or Pasca, however, arecord vaueis"big" and
record assgnment means copying al thefidds.

STRUCTURED L-VALUES

An|-vaueisthe result of an expression that can occur on the left of an assgnment statement, such asx or p.y or
gdi+2]. An r-vaueisonethat can only gppear on the right of an assgnment, such asat+3 or f(x). That is, an |-vdue
denotes a location that can be assigned to, and an r-value does not.

Of course, an |-vaue can occur on the right of an assignment statement; in this case the contents of the location are
implicitly taken.

We say that an integer or pointer vaueisa"scda™, snceit has only one component. Such avaue occupiesjust one
word of memory and canfitin aregister. All the variablesand |-vauesin MiniJavaare scdar. Even aMiniJavaarray



or object variableisreally apointer (akind of scaar); the Java Language Reference Manual may not say so
explicitly, becauseit istalking about Java semanticsinstead of Javaimplementation.

In C or Pasca there are structured |-values - structsin C, arrays and records in Pascal - that are not scalar. To

implement alanguage with "large’ variables such asthe arrays and records in C or Pascdl requires abit of extra
work. InaC compiler, the access type would require information about the Sze of the variable. Then, the MEM
operator of the TREE intermediate language would need to be extended with anotion of size:

package Tree;
abstract class Exp
MEM Exp exp, int size)

Thetrandation of aloca variableinto an IR treewould look like
MEM(+(TEMPfp, CONST kn), S

wherethe Sindicates the size of the object to be fetched or stored (depending on whether this tree appears on the
left or right of aMOVE).

Leaving out the size on MEM nodes makes the MiniJava compiler easier to implement, but limitsthe generdity of its
Intermedi ate representation.

SUBSCRIPTING AND FIELD SELECTION

To subscript an array in Pascal or C (to compute a[i]), just caculate the address of the ithdementof a: (i 1) x s+ a,
where | isthe lower bound of theindex range, sisthe size (in bytes) of each array element, and a is the base address
of the array elements. If aiisgloba, with acompile-time congtant address, then the subtraction a s x | can be done at
compiletime,

Smilarly, to sdect fidd f of arecord |-value a (to calculate a. ), amply add the constant field offset of f to the
address a.

Anaray variable aisan |-vaue, soisan array subscript expression ali], evenif i isnot an I-value. To caculatethe |
-vaue a[i] from a, we do arithmetic on the address of a. Thus, in aPascal compiler, the trandation of an |-vaue

(particularly astructured I-value) should not be something like
MEM
I

TEMP fp CONST k
but should instead be the Tree expression representing the base address of the array:
4
TEMP fp CONST K

What could happen to this [-vaue?



A particular dement might be subscripted, yielding a(smaler) |-vaue. A "+" node would add the index times
the dement szeto the |-value for the base of the array.

The |-vaue (representing the entire array) might be used in a context where an r-valueisrequired (e.g.,
passed as a by-value parameter, or assigned to another array variable). Then the I-vaueis coerced intoan r
-vaue by applying the MEM operator toit.

In the MiniJavalanguage, there are no structured, or "large”, |-values. Thisis because dl object and array vauesare
redlly pointersto object and array structures. The "base address' of the array isredly the contents of a pointer
variable, so MEM isrequired to fetch this base address.

Thus, if aisamemory-resident array variable represented as MEM (€), then the contents of address e will bea
one-word pointer value p. The contents of addresses p, p + W, p + 2W, (where Wistheword size) will bethe

eements of the array (all dementsare oneword long). Thus, a[i] isjust
MEM
I

i
MM NP

MUL [ CONST
|
W

MEM(+{MEM{e), BINOP{MUL, i. CONST H)})

l-valuesand MEM nodes. Technicaly, an I-value (or assignable variable) should be represented as an address
(without the top MEM node in the diagram above). Converting an |-valueto an r-vaue (whenitisused inan
expression) means fetching from that address; assigning to an I-value means storing to that address. We are
attaching the MEM node to the I-vaue before knowing whether it isto be fetched or stored; thisworks only because
in the Tree intermediate representation, MEM means both store (when used asthe left child of aMOVE)and fetch
(when used esawhere).

A SERMON ON SAFETY

Lifeistoo short to spend time chasing down irreproduci ble bugs, and money istoo val uable to waste on the purchase
of flaky software. When aprogram has abug, it should detect that fact as soon as possible and announce that fact
(or take corrective action) before the bug causes any harm.

Some bugs are very subtle. But it should not take agenius to detect an outof-bounds array subscript: If the array
boundsare L ..H, and the subscriptisi, theni < L or i > H isan array bounds error. Furthermore, computers are
well-equipped with hardware able to compute the condition i > H. For severd decades now, we have known that
compilers can automaticaly emit the code to test this condition. Thereisno excuse for acompiler that isunableto
emit code for checking array bounds. Optimizing compilers can often safely remove the checks by compile-time
andyss, see Section 18.4.



One might say, by way of excuse, "but the language in which | program hasthe kind of address arithmetic that makes
it impossible to know the bounds of an array.” Y es, and the man who shot his mother and father threw himsalf upon
the mercy of the court because he was an orphan.

In some rare circumstances, a portion of aprogram demands blinding speed, and the timing budget does not dlow
for bounds checking. In such acase, it would be best if the optimizing compiler could anayze the subscript
expressions and prove that the index will always be within bounds, so that an explicit bounds check is not necessary.
If that isnot possible, perhapsit isreasonablein these rare cases to alow the programmer to explicitly specify an
unchecked subscript operation. But this does not excuse the compiler from checking al the other subscript
expressonsin the program.

Needlessto say, the compiler should check pointersfor nil before dereferencing them, too.[ 1]

ARITHMETIC

Integer arithmetic is easy to trandate: Each arithmetic operator correspondsto a Tree operator.

The Tree language has no unary arithmetic operators. Unary negation of integers can be implemented as subtraction
from zero; unary complement can be implemented as XOR with dl ones.

Unary floating-point negation cannot be implemented as subtraction from zero, because many floating-point
representations allow a negative zero. The negation of negetive zero is positive zero, and vice versa. Thus, the Tree
language does not support unary negation very well.

Fortunately, the MiniJava language doesn't support floating-point numbers; but in area compiler, anew operator
would have to be added for floating negation.

CONDITIONALS

The result of acomparison operator will be aCx expression: a statement s that will jump to any true-destination and
fa se-dedtination you specify.

Making "smple" Cx expressions from comparison operators is easy with the CJUMP operator. However, thewhole
point of the Cx representation isthat conditiona expressions can be combined easily with the MiniJava operator

&&. Therefore, an expression such as x<5 will betrandated as Cx(sl), where
sp(f. f) = CIUMP(LT. x, CONST(5), 1. /)

for any labelst and f.

To do this, we extend the Cx class to make a subclass RelCx that has private fildsto hold the left and right
expressions (in this case x and 5) and the comparison operator (in this case Tree CJUMP.LT). Then we override the



unCx method to generate the CJUMP from these data. It is not necessary to make unEx and unNx methods, since
these will be inherited from the parent Cx class.

The most straightforward thing to do with an if-expression

if el then e2 else €3

istotreat el asa Cx expression, and e2 and e3 as Ex expressions. That is, use the unCx method of €1 and the unEx
of e2 and e3. Maketwo labels t and f to which the conditional will branch. Allocate atemporary r, and after labd t,
move e2 to r; after labd f, move €3 to r. Both branches should finish by jumping to anewly crested "join" label.

Thiswill produce perfectly correct results. However, the trand ated code may not be very efficient at dl. If e2 and €3
are both "statements” (expressionsthat return no vaue), then their representation islikely to be Nx, not Ex. Applying
unEx to them will work - a coercion will automatically be applied - but it might be better to recognize this case

Specidly.

Evenworse, if €2 or e3isaCx expression, then applying the unEx coercion to it will yield a horrible tangle of jumps
and labels. It ismuch better to recognize this case specidly.

For example, consider
if x<5thena>belse0

Asshown above, x <5 trandatesinto Cx(sl); amilarly, a > b will be trandated as Cx(s2) for some 2. Thewhole
if-statement should come out approximately as
SE

TP Sk
LT N CONST x T LABEL IO
: ' _——
5 z "/ I A
GT o b t 1

SECHN{Z, ). SEQILABEL 2, 5z(f. )}

for somenew labd z

Therefore, the trandation of an if requires anew subclass of Exp:

class | f ThenEl seExp extends Exp {
Exp cond, a, b;
Label t = new Label ();
Label f = new Label ();
Label join = new Label ();
| f ThenEl seExp(Exp cc, Exp aa, Exp bb) {
cond=cc; a=aa; b=bb;

}

Tree. St m unCx(Label tt, Label ff) { ... }
Tree. Exp unkEx() { ... }
Tree. StmunNx() { ... }



The labelst and f indicate the beginning of the then-clause and e seclause, respectively. Thelabelstt and ff are quite
different: These are the places to which conditions inside the then-clause (or € se-clause) must jump, depending on
the truth of those subexpressions.

STRINGS

A gring literd istypically implemented as the constant address of a segment of memory initialized to the proper
characters. In assembly language, alabel isused to refer to this address from the middle of some sequence of
ingtructions. At some other place in the assembly-language program, the definition of that label appears, followed by
the assembly-language pseudo-instruction to reserve and initialize ablock of memory to the appropriate characters.

For each gtring literd lit, atrandator must make anew label lab, and return the tree Tree NAME(lab). It should dso
put the assembly-language fragment frame.string(lab,lit) onto aglobal list of such fragmentsto be handed to the code
emitter. "Fragments' are discussed further on page 157.

All string operations are performed in functions provided by the runtime system; these functions hegp-all ocate space
for their results, and return pointers. Thus, the compiler (almost) doesn't need to know what the representation is, as
long asit knows that each string pointer is exactly oneword long. We say "amost" because string literals must be
represented.

In Pascdl, strings are fixed-length arrays of characters; literals are padded with blanks to make them fit. Thisis not
very useful. In C, strings are pointersto variable-length, zero-terminated sequences. Thisis much more useful, though
astring containing a zero byte cannot be represented.

RECORD AND ARRAY CREATION

Imagine alanguage congtruct { €1, €2, , en} which creates an n-dement record initidized to the vaues of
expressons d. Thisislike an object congtructor that initidizes al the instance variables of the object. Such arecord
may outlive the procedure activation that createsit, so it cannot be allocated on the stack. Instead, it must be
alocated on the heap. If thereisno provison for freeing records (or strings), industria-strength systems should have
agarbage collector to reclaim unreachable records (see Chapter 13).

The smplest way to create arecord isto cal an externa memory-allocation function that returns apointer toan n
-word areainto anew temporary r. Then aseriesof MOVE treescan initidize offsets 0, 1IW, 2W, , (n I)Wfromr
with the trandations of expressons &. Findly, the result of thewhole expressonis TEMP(r), asshownin Figure 7.4.
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Figure 7.4: Object initidization.

Inanindustrial compiler, calling maloc (or its equivaent) on every record crestion might be too dow; see Section
13.7.

Array creation isvery much like record cregtion, except that dl the fidlds areinitidized to the same vdue. The
externd initArray function can take the array length and theinitiaizing value as arguments, seelater.

In MiniJavawe can create an array of integers by the construct

new i nt [exp]

where exp is an expression that evaluatesto an integer. Thiswill create an integer array of alength determined by the
vaue of exp and with each vaueinitidized to zero.

Totrandate array creetion, the compiler needsto perform the following steps:
1.

Determine how much space is needed for the array. This can be calculated by:

((length of the array) + 1) x (size of an integer, e.g., 4).

The reason we add one to the length of the array isthat we want to store the length of the array aong with
the array. Thisis needed for bounds checking and to determine the length at run time.

Cdl an externd function to get space on the heap. The call will return a pointer to the beginning of the array.

Generate code for saving the length of the array at offset O.

Generate code for initializing each of the vauesin the array to zero starting at offset 4.

Calling runtime-system functions. To cdl an externa function named init-Array with arguments a, b, smply



generatea CALL suchas

static Label initArray = new Label ("initArray");
new CALL(new NAME(i nitArray),
new Tree. ExpList(a, new Tree. ExpList(b, null)));

Thisrefersto an externa function initArray which iswritten in alanguage such as C or assembly language - it cannot
be written in MiniJava because MiniJava has no mechanism for manipulating raw memory.

But on some operating systems, the C compiler puts an underscore at the beginning of each labdl; and the calling
conventionsfor C functions may differ from those of MiniJavafunctions; and C functions don't expect to receive a
datic link, and so on. All these target-machine-specific details should be encapsulated into afunction provided by the
Frame structure:

public abstract class Frane {

abstract public Tree.Exp external Call (String func,
Tree. ExpLi st args);

where external Call takes the name of the externa procedure and the arguments to be passed.

The implementation of external Cal depends on the relationship between MiniJava's procedure-call convention and
that of the externa function. The smplest possibleimplementation lookslike

Tree. Exp external Call (String s, Tree. ExpList args) {
return new Tree. CALL(new Tree. NAVE( new Tenp. Label (s)),
args);

but may have to be adjusted for static links, or underscoresin labels, and so on. Also, calling new Label(s)
repeatedly with the same s makes severd |abel objectsthat dl mean the same thing; this may confuse other parts of
the compiler, so it might be useful to maintain a string-to-labe table to avoid duplication.

WHILE LOOPS

The generd layout of awhile loopis

test:
if not(condition) goto done body
goto test

done:

If abreak statement occurswithin the body (and not nested within any interior while statements), thetrandation is
smply aJUMPto done.

Trandation of break statements needsto have anew formal parameter break that isthe done label of the nearest



enclosing loop. In trandating a while loop, the trandator will be caled recursively upon body with the done labd
passed as the break parameter. When the trandator is recursively calling itself in nonloop contexts, it can Smply pass
down the same break parameter that was passed to it.

FOR LOOPS

A for stlatement can be expressed using other kinds of statements:
i=lo:
limit=hi;
while (i<=limit) |
i body
i+

for (i=lo: i<=hi; i++;) |
// body
i

l

A draightforward approach to the trandation of for statementsisto rewrite the abstract syntax into the abstract
gyntax of the while statement shown, and then trandate the result.

Thisisamogt right, but consider the case where limit=maxint. Then i + 1 will overflow; ether a hardware exception
will beraised, or i limit will dwaysbetrue! The solution isto put thetest at the bottom of the loop, where i < limit
can be tested before the increment. Then an extratest will be needed before entering theloop to check o hi.

FUNCTION CALL

Trandding afunctioncdl f(al, an)issmple
CALL{NAME flr Jderes. e )

where If isthelabe for f. In an object-oriented language, theimplicit variable this must be made an explicit argument

of thecdl. Thatis, p.m(al, an)istrandated as
CALL(NAME fsu. [p. &1, €3, vy ]}

where p belongsto class ¢, and c$m isthe m method of class c¢. For a static method, the computation of address Ic$
m can be done a compiletime- itsasmplelabd, asit isin MiniJava. For dynamic methods, the computation is
more complicated, as explained in Chapter 14.

STATICLINKS

Some programming languages (such as Pasca, Scheme, and ML) support nesting of functions so that the inner
functions can refer to variables declared in the outer functions. When building acompiler for such alanguage, frame
representations and variable access are a bit more complicated.

When avariable x isdeclared at an outer level of static scope, Satic links must be used. The generd formis
MEM (+{CONST ky, MEM{+{CONST k,_,, ...

MEM(+{(CONST &, TEMP FP))...}) 1)



wherethe k1, , kn 1 arethe various static-link offsetsin nested functions, and kn isthe offset of x initsown frame.

In creating TEMP variables, those temporaries that escape (i.e., are caled from within an inner function) must be
alocated in the stack frame, not in aregister. When accessing such atemporary from either the same function or an
inner function, we must pass the gppropriate static link. The exp method of Frame.Access would need to calculate
the appropriate chain of dereferences.

Trandding afunction cdl f(al, an) using static linksrequiresthat the static link must be added as an implicit extra
argument:
CALL{NAME {; |5, ej. e, oo eq])

HereIf isthelabd for f, and 9 isthe Static link, computed as described in Chapter 6. To do this computation, both
theleve of f and thelevd of thefunction calling f are required. A chain of (zero or more) offsets found in successive
level descriptorsis fetched, starting with the frame pointer TEMP(FP) defined by the Frame module.

[1]A different way of checking for nil isto unmap page 0 in the virtual-memory page tables, so that attempting to
fetch/storefields of anil record resultsin apage fault.
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/.3 DECLARATIONS

For each variable declaration within afunction body, additional space will be reserved in the frame. Also, for each
function declaration, anew "fragment" of Tree code will be kept for the function's body.

VARIABLE DEFINITION

The trandation of avariable declaration should return an augmented type environment that is used in processing the
remainder of the function body.

However, theinitidization of avariable trandatesinto a Tree expresson that must be put just before the body of the
function. Therefore, the trandator must return a Trandate Exp containing assignment expressions that accomplish
theseinitidizations

If thetrandator is gpplied to function and type declarations, the result will be a"no-op" expresson such as
Ex(CONST(0)).

FUNCTION DEFINITION

A functionistrandated into a segment of assembly language with a prologue, a body, andan epilogue. The body of
afunction isan expression, and the body of thetrandation issmply the trandation of that expression.

The prologue, which precedes the body in the assembly-language version of the function, contains
1
pseudo-ingtructions, as needed in the particular assembly language, to announce the beginning of afunction;
alabd definition for the function name;

an ingruction to adjust the stack pointer (to alocate anew frame);

ingructionsto save "escaping” argumentsinto the frame, and to move nonescaping argumentsinto fresh
temporary regisers,



gore ingtructionsto save any cdlee-save registers - including the return address register - used within the
function.
Then comes

thefunction body.
The epilogue comes after the body and contains

an ingruction to move the return value (result of the function) to the register reserved for that purpose;

load ingtructionsto restore the callee-save registers;

an ingtruction to reset the stack pointer (to dedlocate the frame);
10.

areturn ingruction (JUMP to the return address);
11.

pseudo-ingtructions, as needed, to announce the end of afunction.

Some of theseitems (1, 3, 9, and 11) depend on exact knowledge of the frame size, which will not be known until
after the register alocator determines how many local variables need to be kept in the frame because they don't fit in
registers. So these ingtructions should be generated very late, in a FRAME function caled procEntryExit3 (see dso
page 252). Item 2 (and 10), nestled between 1 and 3 (and 9 and 11, respectively) are also handled at that time.

To implement 7, the Trand ate phase should generate amove instruction

MOVE( RV, body)

that puts the result of evauating the body in the return value (RV) location specified by the machine-specific frame
dructure:

package Frane;
public abstract class Frane {

abstract public Tenmp RV();
}

Item 4 (moving incoming formal parameters), and 5 and 8 (the saving and restoring of callee-save registers), are part
of the view shift described on page 128. They should be done by afunction in the Frame module:



package Frane;
public abstract class Frane {

abstract public Tree.Stm procEntryExit1(Tree. St m body);

The implementation of thisfunction will be discussed on page 251. Trandate should gpply it to each procedure body
(items5-7) asit istrandated.

FRAGMENTS

Given afunction definition comprising an aready-trandated body expresson, the Trandate phase should produce a
descriptor for the function containing this necessary information:

frame: Theframe descriptor containing machine-specific information about local variables and parameters,

body: The result returned from procEntryExit1.

Cdl thispair afragment to be trandated to assembly language. It isthe second kind of fragment we have seen; the
other was the assembly-language pseudo-ingtruction sequence for agtring literal. Thus, it isuseful to define (inthe
Trandaeinterface) afrag datatype:

package Transl ate;

public abstract class Frag { public Frag next; }
public ProcFrag(Tree. Stm body, Frane.Frane frane);
public DataFrag(String data);

PROGRAM 7.5. A MiniJavaprogram.

Vehicl e {

I'nt position;

i nt gas;

int nmove (int x) {
position = position + x;
return position;

}

int fill (int y) {
gas = gas + y;
return gas;

}

public class Translate {

private Frag frags; // linked list of accurul ated fragments
public void procEntryExit(Exp body);



public Frag getResult();
}

The semantic analysis phase calls upon new TrandaeLevel () in processing afunction header. Later it cals other
methods of Trandate to trandate the body of the function. Finaly the semantic andlyzer cdls procEntryExit, which
has the side effect of remembering a ProcFrag.

All the remembered fragments go into a private fragment list within Trandate;then getResult can be used to extract the
fragment lig.

CLASSESAND OBJECTS

Figure 7.5 shows a MiniJava class Vehicle with two instance variables position and gas, and two methods move and
fill. We can create multiple Vehicle objects. Each Vehicle object will have its own position and gas variables. Two
Vehicle objects can have different vauesin their variables, and in MiniJava, only the methods of an object can access
the variables of that object. The trandation of new Vehicle() is much like the trandation of record creation and can be
donein two steps.

1.

Generate code for alocating heap space for dl the instance variables; in this case we need to allocate 8 bytes
(2integers, each of size, say, 4).

Iterate through the memory locations for those variables and initidize them- in this case, they should both be
initidizedto O.

Methods and the this pointer. Method calsin MiniJavaare smilar to function calls; but first, we must determine
the class in which the method is declared and ook up the method in that class. Second, we need to address the
following question. Suppose we have multiple Vehicle objects and we want to call a method on one of them; how do
we ensure that the implementation knows for which object we are calling the method? The solution isto pass that
object as an extraargument to the method; that argument isthe this pointer. For amethod call

Vehi cl e v;

Q:ﬁove();
the Vehicleobject in variable v will be the this pointer when cdling the move method.

Thetrandation of method declarationsis much like the trandation of functions, but we need to avoid name clashes
among methods with the same name that are declared in different classes. We can do that by choosing anaming
scheme such that the name of the trand ated method is the concatenation of the class name and the method name. For
example, the trandation of move can be given the name Vehicle move.

Accessing variables In MiniJava, variables can be accessed from methods in the same class. Variablesare
accessed viathe this pointer; thus, the trandation of avariable referenceislike fidd sdection for records. The



position of the variable in the object can be looked up in the symboal table for the class.
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PROGRAM TRANSLATION TO TREES

Design aset of visitorswhich trandate a MiniJava program into intermediate representation trees.

Supporting filesin SMINIJAV A/chap7 include:

Tree/* Data types for the Tree | anguage.
Tree/Print.java Functions to display trees for debuggi ng.

A smpler trandator To asmplify theimplementation of the trandator, you may do without the Ex, Nx, Cx
condructors. The entire trandation can be done with ordinary vaue expressons. This meansthat thereisonly one
Exp class (without subclasses); this class contains onefield of type Tree.Exp and only an unEx() method. Instead of
NX(s), use EX(ESEQ(s, CONST 0)). For conditionds, instead of a Cx, use an expression that just evaluatesto 1 or
0.

The intermediate representation trees produced from this kind of naive trandation will be bulkier and dower than a
"fancy" trandation. But they will work correctly, and in principle afancy back-end optimizer might be ableto clean
up the clumsiness. In any case, aclumsy but correct trandator is better than afancy one that doesn't work.
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EXERCISES

7.1 Suppose acertain compiler trandates dl statements and expressions into Tree.Exp trees, and does not
use the Nx and Cx congtructors to represent expressionsin different ways. Draw apicture of the IR tree that
results from each of the following MiniJava statements and expressions.

a.

at5
b[i+1]

a<b, which should be implemented by making an ESEQ whose left-hand sde movesal or O into some
newly defined temporary, and whose right-hand side is the temporary.

a= x+y; which should be trandated with an EXP node &t the top.

if (a<b) c=a; dse c=h; trandated using the a<b tree from part (c) above; the whole statement will
therefore be rather clumsy and inefficient.

if (a<b) c=a; e'se c=b; trandated in aless clumsy way.

7.2 Trandate each of these MiniJava statements and expressionsinto IR trees, but usng the Ex, Nx, and Cx
congtructors as gppropriate. In each case, just draw pictures of the trees; an Ex treewill beaTree Exp, an
Nx tree will be a Tree Stm, anda Cx tree will be a Stm with holes|abeled trueand falseinto which labels can
later be placed.

a.

atb;
b.

bli+1]=0;

while (a<0) a=at1,
d.
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a<b movesal or 0 into some newly defined temporary, and whose right-hand side is the temporary.

a=x+y;
f.

if (a<b) c=q, ese c=b;

7.3 Using the C compiler of your choice (or acompiler for another language), trandate some functionsto
assembly language. On Unix thisis done with the -S option to the C compiler.

Then identify al the components of the calling sequence (items 1-11), and explain what each line of assembly
language does (especidly the pseudoingtructions that compriseitems 1 and 11). Try one smdl function that
returns without much computation (aleaffunction), and one that calls another function before eventualy
returning.

7.4 The Treeintermediate language has no operators for floating-point variables. Show how the language
would look with new binops for floating-point arithmetic, and new relops for floating-point comparisons. Y ou
may find it useful to introduce avariant of MEM nodes to describe fetching and storing floating-point values.

*7.5 The Tree intermediate language has no provision for datavaues that are not exactly oneword long. The
C programming language has signed and unsigned integers of severd sizes, with conversion operators among
the different Szes. Augment the intermediate language to accommodate severd Szes of integers, with
conversons among them.

Hint: Do not digtinguish signed val ues from unsigned vauesin the intermediate trees, but do distinguish
between signed operators and unsigned operators. See also Fraser and Hanson [1995], Sections5.5and 9.1

4 Previous | Mext ¢



Team-Fly

Chapter 8: Basic Blocks and
Traces

ca-non-i-cal: reduced to the simplest or clearest schema possible

Webster's Dictionary

OVERVIEW

The trees generated by the semantic analysis phase must be translated into assembly or machine language. The
operators of the Tree language are chosen carefully to match the capabilities of most machines. However, there
certain aspects of the tree language that do not correspond exactly with machine languages, and some aspects
Tree language interfere with compiletime optimization analyses.

For example, it's useful to be able to evaluate the subexpressions of an expression in any order. But the
subexpressions of Tree.exp can contain side effects - ESEQ and CALL nodes that contain assignment statemen
and perform input/output. If tree expressions did not contain ESEQ and CALL nodes, then the order of evaluatior
would not matter.

Some of the mismatches between Trees and machine-language programs are

The CJUMP instruction can jump to either of two labels, but real machines' conditional jump instructions fall
through to the next instruction if the condition is false.

ESEQ nodes within expressions are inconvenient, because they make different orders of evaluating subtre
yield different results.

CALL nodes within expressions cause the same problem.

CALL nodes within the argument-expressions of other CALL nodes will cause problems when trying to put



argumentsinto afixed set of forma-parameter registers.

Why doesthe Treelanguage dlow ESEQ and two-way CJUMP, if they are so troublesome? Because they makeit
much more convenient for the Trand ate (trand ation to intermediate code) phase of the compiler.

We can take any tree and rewrite it into an equivaent tree without any of the cases listed above. Without these cases,
the only possible parent of a SEQ node is another SEQ; all the SEQ nodes will be clustered at the top of the tree.
This makesthe SEQs entirely uninteresting; we might aswell get rid of them and make alinear list of Tree SIms.

Thetransformation isdonein three stages: Fird, atreeisrewritteninto alist of canonical trees without SEQ or
ESEQ nodes; then thislist is grouped into aset of basic blocks, which contain no interna jumps or |abels; then the
basic blocks are ordered into a set of traces in which every CJIUMP isimmediately followed by itsfase labdl.

Thus the module Canon has these tree-rearrangement functions.

package Canon;
public class Canon {
static public Tree.Stnlist linearize(Tree.Stms);
}
public class BasicBl ocks {
public StnlistList blocks;
public Tenp. Label done;
publ i c BasicBl ocks(Tree. StnLi st stns);
}
StmlistList(Tree. StnList head, StnlListList tail);
public class TraceSchedul e {
public TraceSchedul e(Basi cBl ocks b);
public Tree. Stnlist stns;

}

Linearize removes the ESEQs and moves the CALLsto top level. Then BasicBlocks groups statementsinto
sequences of gtraight-line code. Finally, TraceSchedule orders the blocks so that every CJUMP isfollowed by its
fdselabd.
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8.1 CANONICAL TREES

Let usdefine canonical trees as having these properties:
1.

No SEQ or ESEQ.

The parent of each CALL isether EXP() or MOVE(TEMP1, ).
TRANSFORMATIONS ON ESEQ

How can the ESEQ nodes be diminated? Theideaisto lift them higher and higher in the tree, until they can become
SEQ nodes.

Figure 8.1 gives some useful identities on trees.
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Figure 8.1: Identities on trees (see dso Exercise 8.1).



Identity (1) isobvious. Soisidentity (2): Statement sisto be evaluated; then el; then €2; then the sum of the
expressonsisreturned. If shassde effectsthat affect €l or €2, then ether the left-hand side or the right-hand side of
thefirst equation will execute those Sde effects before the expressons are eva uated.

Identity (3) is more complicated, because of the need not to interchange the evaluations of sand el. For example, if s
ISMOVE(MEM(x), y) and el isBINOP(PLUS, MEM(x), 2), then the program will compute adifferent result if sis
evaluated before el ingtead of after. Our goa issmply to pull sout of the BINOP expression; but now (to preserve
the order of evaluation) we must pull €l out of the BINOP with it. To do so, we assign €l into anew temporary t,
and put t ingdethe BINOP.

It may happen that s causes no side effectsthat can alter the result produced by el. Thiswill happen if the
temporaries and memory locations assigned by s are not referenced by el (and sand el don't both perform externa
1/0). Inthis case, identity (4) can be used.

We cannot alwaystell if two expressions commute. For example, whether MOVE(MEM(x), y) commuteswith
MEM(2) depends on whether x = z, which we cannot dways determine at compiletime. So we conservatively
approximate whether satements commute, saying either "they definitely do commute” or "perhaps they don't
commute." For example, we know that any statement "definitely commutes” with the expression CONST(n), so we
can useidentity (4) to justify specid caseslike

BINOP(op, CONST(R). ESEQ(S, €)) = ESEQ(S, BINOP(op, CONST(N), €])).

The commute function estimates (very naively) whether a statement commutes with an expression:

static boolean comute(Tree.Stma, Tree.Exp b) {
return i sNop(a)
|| b instanceof Tree. NAME
|| b instanceof Tree. CONST;

}

static boolean isNop(Tree.Stma) {
return a instanceof Tree. EXP
&& ((Tree. EXP)a). exp instanceof Tree. CONST;

A congtant commutes with any statement, and the empty statement commutes with any expression. Anything dseis
assumed not to commuite.

GENERAL REWRITING RULES

In generd, for each kind of Tree statement or expression we can identify the subexpressions. Then we can make
rewriting rules, Smilar to the onesin Figure 8.1, to pull the ESEQs out of the statement or expression.

For example, in[€1, €2, ESEQ(Ss, e3)], the statement s must be pulled leftward past €2 and €l. If they commute, we

have (s, [el, €2, €3]). But suppose e2 does not commute with s; then we must have
(SEQ{MOVE({. ey ). SEQ(MOVE(l;. €305V [TEMP{/ ), TEMP(/z). e3])

Or if €2 commuteswith sbut el does not, we have
(SEQ{MOVE(fy.e;).5);  [TEMP(#). e, ]}



The reorder function takes alist of expressons and returnsapair of (Statement, expression-list). The statement
containsdl the things that must be executed before the expression-list. As shown in these examples, thisincludesall
the statement-parts of the ESEQs, aswell asany expressonsto ther left with which they did not commute. When
thereareno ESEQs at al we will use EXP(CONST 0), which does nothing, as the statement.

Algorithm Step oneisto make a"subexpression-extraction" method for each kind. Step two isto make a
"ubexpression-insertion” method: Given an ESEQ-clean version of each subexpression, this builds anew version of
the expression or statement.

These will be methods of the Tree.Exp and Tree.Stm classes:

package Tree;
abstract public class Exp {
abstract public ExpList kids();
abstract public Exp buil d(ExpList kids);
}
abstract public class Stm{
abstract public ExpList kids();
abstract public Stm buil d(ExpLi st kids);

Each subclass Exp or Stm must implement the methods; for example,

package Tree;
public class BINOP extends Exp {
public int binop
public Exp left, right;
public BINOP(int b, Exp |, Exp r) {binop=b; ...}
public final static int PLUS=0, M NUS=1, MJL=2, D V=3,
AND=4, OR=5, LSHI FT=6, RSHI FT=7, ARSHI FT=8, XOR=9;
public ExpList kids() {return new ExpList(left,
new ExpList(right,null));}
public Exp buil d( ExpLi st kids) {
return new BI NOP(bi nop, ki ds. head, ki ds.tail . head);
}
}

Other subclasses have smilar (or even smpler) kids and build methods. Using these build methods, we can write
functions

static Tree. Stm do_stn(Tree. Stms)
static Tree. ESEQ do_exp (Tree. Exp e)

that pull dl the ESEQs out of a statement or expression, respectively. That is, do_stm uses skidg() to get the
immediate subexpressons of s, which will be an expresson-lis I. It then pullsal the ESEQs out of | recursively,
yidding aclump of sde-effecting statements s1 and acleaned-up list | . Then SEQ(sL, sbuild(l )) constructs anew
Satement, likethe origind s but with no ESEQs. These functionsrely on auxiliary functionsreorder_stm and
reorder_exp for help; see d'so Exercise 8.3.

The left-hand operand of the MOV E statement is not considered a subexpression, becauseit isthe destination of
the statement - its value is not used by the statement. However, if the destination isamemory location, then the



address acts like a source. Thuswe have,

public class MOVE extends Stm {

public Exp dst, src;
public MOVE(Exp d, Exp s) {dst=d; src=s;}
public ExpList kids() {

if (dst instanceof MEM

return new ExpLi st (((MEMdst). exp,
new ExpList(src,null));
el se return new ExpList(src,null);

}
public Stm buil d( ExpLi st kids) {

if (dst instanceof MEM
return new MOVE(new MEM ki ds. head), kids.tail.head);
el se return new MOVE(dst, Kids. head);

}
}

Now, given alist of "kids', we pull the ESEQs out, from right to |ft.

MOVING CALLSTO TOP LEVEL

The Treelanguage permits CALL nodesto be used as subexpressions. However, the actua implementation of
CALL will bethat each function returnsits result in the same dedicated return-vaue regiser TEMP(RV). Thus, if we

have
BINOP(PLUS. CALL(...), CALL(...})

the second call will overwritethe RV register before the PLUS can be executed.

We can solve this problem with arewriting rule. Theideaisto assign each return vaueimmediately into afresh

temporary regidter, that is
CALL(firn, args) —  ESEQ{MOVE(TEMP J, CALL (firm, arrgs) b, TEMP 1)

Now the ESEQ-€liminator will percolate the MOV E up outside of its containing BINOP (etc.) expressions.

Thistechnique will generate afew extraMOVE ingructions, which the register dlocator (Chapter 11) can clean up.

Therewriting ruleisimplemented as follows:. reorder replaces any occurrence of CALL(f, args) by
ESEQ{MOVE(TEMP fyen. CALL(f. args)), TEMP fyen)

and cdlsitsaf again on the ESEQ. But do_stm recognizes the pattern
MOVE(TEMP fe. CALL( S urgs))

and does not call reorder on the CALL nodein that case, but treats the f and args asthe children of the MOVE
node. Thus, reorder never "sees' any CALL that isdready theimmediate child of aMOVE. Occurrences of the
pattern EXP(CALL(f, args)) aretreated amilarly.

A LINEARLIST OF STATEMENTS



Once an entire function body 0 is processed with do_stm, the result isatree sO where al the SEQ nodes are near

the top (never underneath any other kind of node). The linearize function repeatedly appliestherule
SEQ(SEQ({a. b).c) = SEQ(a.,SEQ(b.c))

Theresultisthat sOislinearized into an expresson of theform
SEQ(s), SEQ(53, . .., SEQ(Sy—1, Sp)--.))

Here the SEQ nodes provide no structuring information at all, and we can just consider thisto beasmplelist of
Satements,

S S22 BBy

where none of the g contain SEQ or ESEQ nodes.

Theserewrite rules are implemented by linearize, with an auxiliary function linear:

static Tree.StnList linear(Tree.SEQ s, Tree.Stnlist 1) {
return linear(s.left,linear(s.right,I));

}

static Tree.StnList linear(Tree.Stms, Tree.Stnlist |) {
if (s instanceof Tree.SEQ return linear((Tree.SEQs,I);
el se return new Tree. StnList(s,!);

}

static public Tree.StnList linearize(Tree.Stms) {
return linear(do_stn(s), null);

}
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8.2 TAMING CONDITIONAL BRANCHES

Ancther agpect of the Tree language that has no direct equivaent in most machine ingtruction setsis the two-way
branch of the CJUMP ingtruction. The Tree language CJUMP is designed with two target |abels for conveniencein
trandating into trees and analyzing trees. On ared machine, the conditiona jump either transfers control (on atrue
condition) or "falsthrough” to the next indruction.

To makethe trees easy to trandate into machine ingtructions, we will rearrange them so that every CJUMP(cond, t,
If) isimmediately followed by LABEL (If), its "fase branch." Each such CJUMP can be directly implemented on a
real machine asaconditiona branch to labd It.

Wewill makethistransformation in two stages. First, wetake thelist of canonical treesand form theminto basic
blocks; then we order the basic blocksinto a trace. The next sectionswill define theseterms.

BASIC BLOCKS

In determining where the jumps go in a program, we are analyzing the program's control flow. Control flow isthe
sequencing of indructionsin aprogram, ignoring the datavauesin registers and memory, and ignoring the arithmetic
caculaions. Of course, not knowing the data va ues means we cannot know whether the conditional jumpswill goto
their true or faselabds; so we Smply say that such jumps can go either way.

In andyzing the control flow of aprogram, any indruction that is not ajump has an entirely uninteresting behavior.
We can lump together any sequence of nonbranch ingtructionsinto abasic block and anayze the control flow
between basic blocks.

A basic block isasequence of satementsthat isaways entered at the beginning and exited at theend, that is:

Thefirs satementisaLABEL.
The last gatement isa JUMP or CIUMP.
There are no other LABELS, JUMPs, or CJUMPs.

The dgorithm for dividing along sequence of statementsinto basic blocksis quite smple. The sequenceis scanned
from beginning to end; whenever aLABEL isfound, anew block is started (and the previous block is ended);



whenever a JUMP or CJIUMP isfound, ablock isended (and the next block is started). If thisleaves any block not
ending with aJUMP or CJUMP, then aJUMP to the next block's label is appended to the block. If any block has
been left without a LABEL at the beginning, anew label isinvented and stuck there,

Wewill gpply this algorithm to each function-body in turn. The procedure "epilogue” (which pops the stack and
returnsto the caller) will not be part of this body, but isintended to follow the last stlatement. When the flow of
program execution reachesthe end of thelast block, the epilogue should follow. But it isinconvenient to have a
"gpecia" block that must come last and that has no JUMP at the end. Thus, we will invent anew labd done -
intended to mean the beginning of the epilogue - and put a JUMP(NAME done) at the end of the last block.

In the MiniJava.compiler, the class Canon.Bas cBlocks implements this smple agorithm.

TRACES

Now the basic blocks can be arranged in any order, and the result of executing the program will be the same - every
block ends with ajump to the appropriate place. We can take advantage of thisto choose an ordering of the blocks
satisfying the condition that each CJUMP isfollowed by itsfaselabdl.

At the sametime, we can aso arrange that many of the unconditiond JUMPs are immediately followed by their target
label. Thiswill alow the deletion of these jumps, which will make the compiled program run a bit faster.

A trace isasequence of statementsthat could be consecutively executed during the execution of the program. It can
include conditiona branches. A program has many different, overlapping traces. For our purposesin arranging
CIUMPs and false-labels, we want to make a set of tracesthat exactly coversthe program: Each block must bein
exactly onetrace. To minimize the number of JUMPsfrom one trace to another, we would like to have asfew traces
aspossiblein our covering .

A very smple agorithm will sufficeto find acovering set of traces. Theideaisto start with some block - the
beginning of atrace - and follow a possible execution path - the rest of the trace. Suppose block bl endswith a
JUMP to b4, and b4 has a JUMP to b6. Then we can make the trace b1, b4, b6.

But suppose b6 ends with a conditiona jump CJUMP(cond, b7, b3). We cannot know at compile time whether b7
or b3 will be next. But we can assume that some execution will follow b3, so let usimagineit isthat execution that we
aresmulating. Thus, we gppend b3 to our trace and continue with the rest of the trace after b3. The block b7 will be
in some other trace.

Algorithm 8.2 (which issimilar to Canon.TraceSchedul€) ordersthe blocksinto traces asfollows: It startswith some
block and follows a chain of jumps, marking each block and appending it to the current trace. Eventually it comesto
ablock whose successors are al marked, so it ends the trace and picks an unmarked block to start the next trace.

ALGORITHM 8.2: Generation of traces.

Iu| all the blocks of the programinto a list Q

while Qis not enpty



Start a new (enpty) trace, call it T.
Renove the head elenent b from Q
while b is not marked
Mark b; append b to the end of the current trace T.
Exami ne the successors of b (the blocks to which b branches);
if there is any unmarked successor C
b c
End the current trace T.

FINISHING UP

An efficient compiler will keep the statements grouped into basic blocks, because many kinds of anaysisand
optimization algorithmsrun faster on (rdatively few) basic blocks than on (relatively many) individua statements. For
the MiniJava compiler, however, we seek smplicity in theimplementation of later phases. So we will flatten the
ordered list of traces back into onelong ligt of Statements.

At this point, most (but not dl) CJUMPswill be followed by their true or false [abdl. We perform some minor
adjugments

Any CIUMP immediately followed by itsfase labe welet done (there will be many of these).
For any CJUMP followed by itstrue label, we switch the true and fal se labels and negate the condition.

For any CJUMP(cond, a, b, It, If) followed by neither [abdl, weinvent anew faselabd If and rewrite the
sngle CJUMP statement as three statements, just to achieve the condition that the CJUMP isfollowed by its
fdselabd:

cuwe(cond, a, b, It, If )
LABEL |f
JUWP(NAME | f)

The trace-generating agorithm will tend to order the blocks so that many of the unconditiond JUMPs are
immediately followed by their target labels. We can remove such jumps.

OPTIMAL TRACES

For some applications of traces, it isimportant that any frequently executed sequence of ingtructions (such asthe
body of aloop) should occupy its own trace. This helps not only to minimize the number of unconditiona jumps, but
aso may help with other kinds of optimizations, such asregister alocation and ingtruction scheduling.



Figure 8.3 shows the same program organized into tracesin different ways. Figure 8.3a hasa CJUMP and aJUMP
in every iteration of the while-loop; Figure 8.3b uses adifferent trace covering, so with CJUMP and aJUMPIn
every iteration. But Fj gure 8.3c shows a better trace covering, with no JUMP in each iteration.

by [ 1} ¥ AT
MRS A ML e FLAREP-bih W Ararh
LARER (réwr) LAREL{r#AT)

Figure 8.3: Different trace coveringsfor the same program.

The MiniJava compiler's Canon module doesn't attempt to optimize traces around loops, but it is sufficient for the
purpose of cleaning up the Tree-statement lists for generating assembly code.
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FURTHER READING

Therewriterulesof Figure 8.1 are an example of a term rewriting system; such systems have been much studied
[Dershowitz and Jouannaud 1990].

Fisher [1981] shows how to cover a program with traces so that frequently executing paths tend to stay within the
sametrace. Such traces are useful for program optimization and scheduling.
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EXERCISES

*8.1 Therewriting rulesin Figure 8.1 are asubset of the rules necessary to eliminate all ESEQs from
expressions. Show the right-hand side for each of the following incomplete rules:

a.

MOVE(TEMPt, ESEQ(S, €))
MOVE(MEM(ESEQ(s, 1)), €2)
MOVE(MEM(el), ESEQ(s, €2))
EXPESEQ(s, €))

EXP(CALL(ESEQ(s, e), args))
MOVE(TEMPt, CALL(ESEQ(s, €), args))
EXP(CALL(el, [€2, ESEQ(s, €3), e4]))

In some cases, you may need two different right-hand sides depending on whether something commutes (just
asparts (3) and (4) of Figure 8.1 have different right-hand sides for the same |eft-hand sides).

8.2 Draw each of the following expressons as atree diagram, and then apply the rewriting rules of Figure 8.1
and Exercise 8.1, aswell asthe CALL rule on page 168.

a.

MOVE(MEM(ESEQ(SEQ(CJUMP(LT, TEMPi, CONSTO, Lout, Lok), LABELok) TEMPi)),
CONST1)

MOVE(MEM(MEM(NAMEa)), MEM(CALL(TEMPT, [])))

BINOP(PLUS, CALL(NAMEf, [TEMPX]), CALL(NAMEg, [ESEQ(MOVE(TEMPx, CONSTO),



TEMPX)]))

*8.3 The directory $MINIJAV A/chap8 contains an implementation of every agorithm described in this
chapter. Read and understand it.

8.4 A primitive form of the commute test is shown on page 164. Thisfunction is conservetive: If interchanging
the order of evauation of the expressonswill change the result of executing the program, this function will
definitdy return false; but if an interchange is harmless, commute might return true or false.

Write amore powerful verson of commute that returnstruein more cases, but is till conservative. Document
your program by drawing pictures of (pairs of) expression trees on which it will return true,

*8.5 Theleft-hand sde of aM OV E node redly represents a destination, not an expression. Consequently,
the following rewrite ruleis notagood idea:

MOVE( el, ESEQ(sS, e2)) SEQs, MOVE(el, e2)) if s, el comute

Write astatement matching the left Sde of this rewrite rule that produces a different result when rewritten.

Hint: Itisvery reasonable to say that the statement MOV E(TEMPa, TEMPb) commutes with expresson
TEMPD (if a and b are not the same), snce TEMPDb yields the same va ue whether executed before or after
the MOVE.

Conclusion: The only subexpresson of MOVE(TEMPa, €) is e, and the subexpressons of MOVE(MEM(e

1), €2) are[€l, €2]; we should not say that a isa subexpresson of MOVE(a, b).

8.6 Break this program into basic blocks.

1.

m 0

v O

if v ngoto 15



rv

sO

ifr<ngoto9

vv+1l

goto 3

X M[r]
10.

Ss+X
11.

if s mgoto 13
12.

ms
13.

rr+1
14.

goto 6
15.

return m

8.7 Expressthe basic blocks of Exercise 8.6 as statements in the Tree intermediate form, and use Algorithm
8.2 to generate a set of traces.
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Chapter 9: Instruction Selection

In-struc-tion: acode that tells a computer to perform a particular operation

Webgter's Dictionary
OVERVIEW

The intermediate representation (Tree) language expresses only one operation in each tree node: memory fetch or
store, addition or subtraction, conditiona jump, and so on. A real machine instruction can often perform severd of
these primitive operations. For example, dmost any machine can perform an add and afetch in the same ingtruction,

corresponding to the tree
MEM
I
BINOP

HRE ¢ COMNST
|

c

Finding the appropriate machine instructions to implement a given intermediate representation tree isthejob of the
instruction selection phase of acompiler.
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TREE PATTERNS

We can express a machine ingruction as afragment of an IR tree, called a tree pattern. Then ingtruction selection
becomesthe task of tiling the tree with aminimal set of tree patterns.

For purposes of illustration, we invent an instruction set: the Jouette architecture. The arithmetic and memory
ingtructions of Jouette are shownin Figure 9.1. On thismachine, register r0 always contains zero.
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ADD fi = r;+n

N
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SEOWE
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MOVEM Al ] o MF ]

Figure 9.1: Arithmetic and memory ingructions. The notation M[X] denotes the memory word at address X.

Eachingruction above the doublelinein Figure 9.1 produces aresult in aregister. The very first entry isnot redly an
ingtruction, but expressestheideathat a TEMP node isimplemented as aregister, so it can “produce aresult ina
register” without executing any ingtructions a al. The ingtructions bel ow the double line do not produce resultsin
registers, but are executed only for sde effects on memory.

For each ingtruction, the tree patterns it implements are shown. Some ingtructions correspond to more than onetree
pattern; the aternate patterns are obtained for commutative operators (+ and *), and in some caseswhere aregister
or constant can be zero (LOAD and STORE). In this chapter we abbreviate the tree diagramsdightly:
BINOP(PLUS, x, y) nodeswill bewritten as +(x, y), and the actual values of CONST and TEMP nodes will not
aways be shown.

The fundamenta idea of ingtruction selection using atree-based intermediate representation is tiling the IR tree. The
tiles are the set of tree patterns corresponding to lega machine ingtructions, and the goal isto cover the tree with
nonoverlapping tiles

For example, the MiniJava-language expresson such as a[i] := X, where i isaregister variableand a and x are
frame-resident, resultsin atree that can betiled in many different ways. Two tilings, and the corresponding instruction
sequences, are shown in Figure 9.2 (remember that a isredly the frame offset of the pointer to an array). In each
case, tiles 1, 3, and 7 do not correspond to any machine instructions, because they are just registers (TEMPS)
dready containing theright vaues.
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Figure 9.2: A treetiled in two ways.

Findly - assuming a"reasonable" set of tile patterns- it isalways possible to tile the tree with tiny tiles, each covering
only one node. In our example, such atiling lookslikethis:

ADDI rirO+a
ADD rli fp+rl
LOAD rl M[r1+Q]
ADDI r2r0+4
MUL r2 ri xr2
ADD rirl=r2
ADDI r2 rO+x
ADD r2 fp+r2
LOAD r2 M[r2+0Q]
STORE M[r1+0] r2

For areasonable set of patterns, it is sufficient that each individua Tree node correspond to sometile. Itisusualy
possible to arrange for this; for example, the LOAD instruction can be made to cover just asingle MEM node by
using a congtant of 0, and so on.
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OPTIMAL AND OPTIMUM TILINGS

The best tiling of atree corresponds to an instruction sequence of least cost: the shortest sequence of ingtructions. Or
iIf the instructions take different amounts of time to execute, the least-cost sequence has the lowest tota time.

Suppose we could give each kind of instruction a cost. Then we could define an optimum tiling asthe one whose
tiles sum to the lowest possible value. An optimal tiling is one where no two adjacent tiles can be combined into a
sngletile of lower cogt. If there is some tree pattern that can be plit into severd tiles of lower combined cogt, then
we should remove that pattern from our catalog of tiles before we begin.

Every optimum tilingisaso optimal, but not vice versa. For example, suppose every ingtruction costs one unit,
except for MOVEM, which costs m units. Then aether Figure 9.2aisoptimum (if m > 1) or Figure 9.2b isoptimum
(if m<1) or both (if m=1); but both trees are optimal.

Optimum tiling is based on an idedlized cost modd . In redity, ingtructions are not salf-contained with individualy
attributable cogts; nearby ingtructionsinteract in many ways, as discussed in Chapter 20.
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9.1ALGORITHMSFOR INSTRUCTION
SELECTION

There are good agorithmsfor finding optimum and optimd tilings, but the dgorithms for optima tilingsare smpler, as
you might expect.

Complex instruction set computers (CISC) have ingtructions that accomplish severad operations each. Thetilesfor
theseingructions are quite large, and the difference between optimum and optimd tilings - while never very large- is
at least sometimes noticegble.

Mogt architectures of modern design are reduced instruction set computers (RISC) . Each RISC ingruction
accomplishesjust asmall number of operations (al the Jouette instructions except MOVEM aretypicd RISC
ingructions). Sincethetilesare small and of uniform cog, thereisusudly no difference at dl between optimum and
optimd tilings. Thus, the smpler tiling dgorithms suffice.

MAXIMAL MUNCH

Thedgorithm for optima tiling iscalled maximal munch. It isquite smple. Starting at the root of the treg, find the
largest tile that fits. Cover the root node - and perhaps severa other nodes near the root - with thistile, leaving
several subtrees. Now repest the same algorithm for each subtree.

Aseachtileisplaced, theingtruction corresponding to thet tile is generated. The maxima munch agorithm generates
theindructionsin reverse order - after dl, theingruction at the root isthe first to be generated, but it can only
execute after the other instructions have produced operand valuesin registers.

The"largest tile" isthe one with the most nodes. For example, thetile for ADD has one node, thetile for SUBI has
two nodes, and the tilesfor STORE and MOVEM have three nodes each.

If two tiles of equal size match &t the root, then the choice between them isarbitrary. Thus, inthetree of Figure 9.2,
STORE and MOV EM both match, and either can be chosen.

Maxima munch is quite straightforward to implement in Java. Smply write two recursive functions, munchStm for
statements and munchExp for expressions. Each clause of munchExp will match onetile. The clauses are ordered in
order of tile preference (biggest tilesfirst).

Program 9.3 isapartia example of a Jouette code generator based on the maximal munch agorithm. Executing this
program on the tree of Figure 9.2 will match thefirst clause of munchStm; thiswill cal munchExp to emit dl the
instructions for the operands of the STORE, followed by the STORE itsdlf. Program 9.3 does not show how the



registers are chosen and operand syntax is specified for the instructions; we are concerned here only with the
pattern-matching of tiles.

PROGRAM 9.3: Maxima Munch in Java

Hmmchl\/bve(l\/EM dst, Exp src) {

/1 MOVE(MEM BI NOP(PLUS, el, CONST(i))), e2)
if (dst.exp instanceof BINOP && ((BI NOP)dst.exp).oper==BI NOP. PLUS
&& ((BI NOP)dst. exp).right instanceof CONST)
{munchExp( ((BI NOP) dst . exp).left); munchExp(src); enit("STORE");}
/1 MOVE( MEM BI NOP(PLUS, CONST(i), el)), e2)
else if (dst.exp instanceof BINOP && ((BI NOP)dst. exp).oper==BI NOP. PLUS
&% ((BINOP)dst.exp).left instanceof CONST)
{munchExp( (( Bl NOP)dst. exp).right); nunchExp(src); emt("STORE");}
/1 MOVE(MEM el), MEM e2))
else if (src instanceof MEM
{munchExp(dst.exp); munchExp(((MEM src).exp); emt("MWVEM);}
/1 MOVE(MEM el, e2)
el se
{munchExp(dst.exp); munchExp(src); enit("STORE");}
}
voi d munchMove( TEMP dst, Exp src) {
!/l MOVE(TEMP(t1), e)
munchExp(src); emt("ADD");
}
voi d munchMove( Exp dst, Exp src) {
/1 MOVE(d, e)
if (dst instanceof MEM nunchMve((MEM dst, src);
el se if (dst instanceof TEMP) munchMove(( TEMP)dst, src);
}
void munchStm(Stms) {
if (s instanceof MOVE) nmunchMove(((MOVE)s).dst, ((MOWE)s).src);
/1 CALL, JUWP, CJUMP uninpl enmented here
}
voi d munchExp( Exp)
MEM BI NOP(PLUS, el, CONST(i))) munchExp(el); emt("LOAD");
MEM Bl NOP( PLUS, CONST(i), el1)) munchExp(el); emt("LOAD");
MEM CONST(i)) emt("LOAD");
MEM €el) munchExp(el); emt("LOAD");
BI NOP(PLUS, el, CONST(i)) munchExp(el); emt("ADDI");
Bl NOP( PLUS, CONST(i, el) munchExp(el); emt("ADDI");
CONST( i) munchExp(el); emt("ADDI");
BI NOP(PLUS, el, CONST(i)) munchExp(el); emt("ADD");
TEMP(L)  {}

If, for each node-type in the Tree language, there exists a Sngle-nodetile pattern, then maxima munch cannot get
"guck" with no tile to match some subtree.

DYNAMIC PROGRAMMING

Maxima munch dwaysfindsan optimd tiling, but not necessarily an optimum. A dynamic-programming agorithm
can find the optimum. In generd, dynamic programming is atechnique for finding optimum solutionsfor awhole
problem based on the optimum solution of each subproblem; here the subproblems are the tilings of the subtrees.



The dynamic-programming agorithm assgnsa cost to every nodein thetree. The cost isthe sum of the instruction
costs of the best ingtruction sequence that can tile the subtree rooted at that node.

This agorithm works bottom-up, in contrast to maximal munch, which works top-down. Firgt, the costs of al the
children (and grandchildren, etc.) of node n are found recursvely. Then, each tree pattern (tile kind) is matched
againg node n.

Each tile has zero or more leaves. In Figure 9.1 the leaves are represented as edges whose bottom ends exit thetile,
Theleaves of atile are places where subtrees can be attached.

For eachtile t of cost ¢ that matches at node n, there will be zero or more subtrees 9 corresponding to the leaves of
thetile. The cost d of each subtree has aready been computed (because the agorithm works bottom-up). So the
cogt of matchingtiletisjust c+ d.

Of dl thetilestj that match at node n, the one with the minimum-cost match is chosen, and the (minimum) cost of

node n isthus computed. For example, consider thistree:
MEM
I

;f”H:‘H“Hh

CONST | CONST 2

The only tile that matches CONST 1 isan ADDI ingtruction with cost 1. Similarly, CONST 2 hascost 1. Severd
tiles match the + node:

Tile Instruction Tile Cost Leaves Cost  Total Cost
/'\ ADD 1 1+1 3
N ADDI I 1 2

COMNST
2N ADDI I 1 2

CONST

The ADD tile hastwo leaves, but the ADDI tile has only one leaf. In matching thefirst ADDI pattern, we are saying
"though we computed the cost of tiling CONST 2, we are not going to use that information.” 1f we chooseto usethe
first ADDI pattern, then CONST 2 will not be the root of any tile, and its cost will beignored. In this case, elther of
the two ADDI tilesleads to the minimum cost for the + node, and the choiceis arbitrary. The + node getsa cost of 2.

Now, severd tiles match the MEM node:

Tile Instruction Tile Cost Leaves Cost  Total Cost
MEM
| LOAD l 2 3
MEM
|
/‘\ LOAD l 1 2
CONST
MEM
|
/‘\ LOAD l 1 2
COMNST

Either of the last two matcheswill be optimum.



Oncethe cost of the root node (and thus the entire tree) isfound, the instruction emission phase begins. The
dgorithmisasfollows

Emission(node n): for each lesf li of thetile selected at node n, perform Emission(li). Then emit theingtruction
matched at node n.

Emisson(n) does not recur on the children of node n, but on the leaves of the tile that matched at n. For example,

after the dynamic-programming agorithm finds the optimum cost of the smple tree above, the emission phase emits
ADDN rp —rp+ 1

LOAD r «— M =+ 2]

but no ingtruction is emitted for any tile rooted at the + node, because thiswas not aleef of thetile matched at the
root.

TREE GRAMMARS

For machineswith complex instruction sets and several classes of registers and addressing modes, there is a useful
generdization of the dynamic-programming agorithm. Suppose we make a brain-damaged version of Jouette with
two classes of registers. a registersfor addressing, and d registersfor "data" The ingtruction set of the Schizo-Jouette
m?_chi ne (loosely based on the Motorola 68000) is shown in Figure 9.4.
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Figure 9.4: The Schizo-Jouette architecture.

Theroot and leaves of each tile must be marked with a or d to indicate which kind of register isimplied. Now, the
dynamic-programming agorithm must keep track, for each node, of the min-cost match asan a register, and also the
min-cost match asa d register.



At thispoint it isuseful to use a context-free grammar to describe the tiles; the grammar will have nonterminds s (for
satements), a (for expressions calculated into an a register), and d (for expressions calculated into a d regidter).
Section 3.1 describesthe use of context-free grammars for source-language syntax; here we use them for quite a
different purpose.

The grammar rulesfor the LOAD, MOVEA, and MOVED ingructions might look likethis:

MEM +( @, CONST))
MEM +( CONST, a))
MEM CONST)

MVEM a)

a

d

OO0 0 00

Such agrammar is highly ambiguous: There are many different parses of the same tree (Snce there are many different
Instruction sequences implementing the same expression). For this reason, the parsing techniques described in Chapter
3 arenot very useful in this application. However, agenerdization of the dynamic-programming agorithm works

quite well: The minimum~cost match at each node for each nonterminal of the grammar is computed.

Though the dynamic-programming agorithm is conceptualy smple, it becomes messy to write down directly ina
genera-purpose programming language such as Java. Thus, severd tools have been devel oped. These
codegenerator generators process grammars that specify machine ingtruction sets; for each rule of the grammar, a
cost and an action are specified. The costs are used to find the optimum tiling, and then the actions of the matched
rules are used in the emission phase.

Like Yacc and Lex, the output of a code-generator generator isusualy aprogram in C or Javathat operatesa
table-driven matching engine with the action fragments (written in C or Java) inserted at the gppropriate points.

Such tools are quite convenient. Grammars can specify addressing modes of tredlike CISC ingtructions quite well. A
typica grammar for the VAX has 112 rules and 20 nontermina symbols; and one for the Motorola 68020 has 141
rules and 35 nonterminal symbols. However, ingtructions that produce more than one result - such as autoincrement
ingructionson the VAX -are difficult to express usng tree patterns.

Code-generator generators are probably overkill for RISC machines. Thetiles are quite small, there aren't very many
of them, and thereislittle need for agrammar with many nontermina symbols.

FAST MATCHING

Maxima munch and the dynamic-programming agorithm must examine, for each node, al thetilesthat match at that
node. A tile matchesif each nonleaf node of thetileislabeed with the same operator (MEM, CONST, etc.) asthe
corresponding node of thetree.

The naive dgorithm for matching would be to examine each tile in turn, checking each node of thetile againgt the
corresponding part of the tree. However, there are better approaches. To match atile at node n of thetree, the labd
a n can be used in acase statement:



mat ch( n) {

switch (label (n)) {
case MEM ...
case BI NOP:
case CONST:

}

Oncethe clausefor onelabd (such as MEM) is selected, only those patterns rooted in that label remainin
congderation. Another case statement can use thelabel of the child of n to begin distinguishing among those patterns.

The organization and optimization of decision treesfor pattern matching is beyond the scope of this book. However,
for better performance the naive sequence of clausesin function munchExp should be rewritten as a sequence of
comparisons that never looks twice &t the same tree node.

EFFICIENCY OF TILING ALGORITHMS

How expengve are maxima munch and dynamic programming?

Let us suppose that there are T different tiles, and that the average matching tile contains K nonleaf (Iabeled) nodes.
Let K bethelargest number of nodes that ever need to be examined to see which tiles match at a given subtree; this
is approximately the same asthe size of the largest tile. And suppose that, on the average, T different patterns (tiles)
match at each tree node. For atypica RISC machinewemight expect T=50, K=2, K=4, T=5.

Suppose there are N nodesin the input tree. Then maxima munch will haveto consder matches at only N=K nodes
because, once a"munch" is made at the root, no pattern-matching needs to take place at the nonleaf nodes of thetile.

Tofind al thetilesthat match at one node, at most K tree nodes must be examined; but (with a sophisticated decision
tree) each of these nodes will be examined only once. Then each of the successful matches must be compared to see
if itscost isminimd. Thus, the matching at eech nodecostsK + T, for atotal cost proportiond to (K + T)N/K.

The dynamic-programming agorithm must find dl the matches a every node, so its cost is proportiond to (K + T)N.
However, the congtant of proportiondity is higher than that of maxima munch, since dynamic programming requires
two tree-walksinstead of one.

SnceK, K, and T are congant, the running time of al of these dgorithmsislinear. In practice, measurements show
that these ingtruction selection agorithms run very quickly compared to the other work performed by areal compiler
- evenlexicd andysisislikely to take more time than ingtruction selection.
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9.2CISC MACHINES

A typica modern RISC machine has
1

32 regigters,
only one class of integer/pointer registers,
arithmetic operations only between registers,
"three-address’ ingructions of theformr1 r2 r3,
load and store ingtructions with only the M[reg+congt] addressing mode,
every ingruction exactly 32 bitslong,
oneresult or effect per ingruction.
Many machines designed between 1970 and 1985 are complex instruction set computers (CISC). Such

computers have more complicated addressing modes that encode ingtructionsin fewer bits, which was important
when computer memories were smaller and more expensive. Typicd featuresfound on CISC machinesinclude

1.

few registers (16, or 8, or 6);

registers divided into different classes, with some operations available only on certain registers;
3.

arithmetic operations can access registers or memory through "addressing modes';



"two-address' instructions of theformrl rl r2;

severd different addressing modes,

variable-length ingructions, formed from variable-length opcode plus variable ength address ng modes,

ingtructions with sde effects such as " autoincrement” addressing modes.

Most computer architectures designed since 1990 are RISC machines, but most general-purpose computers installed
since 1990 are CISC machines: the Intel 80386 and its descendants (486, Pentium).

The Pentium, in 32-bit mode, has six genera-purpose registers, a stack pointer, and aframe pointer. Most
Ingtructions can operate on dl six regigters, but the multiply and divide instructions operate only on the eax register. In
contragt to the "three-address" instructions found on RISC machines, Pentium arithmetic ingtructions are generdly
"two-address’, meaning that the destination register must be the same asthefirst source register. Mogt ingtructions
can have elther two register operands(rl r1 r2), or oneregister and one memory operand, for example M[r1 + c]
M[rl+c] r2orrl rl M[r2+c],butnot M[r1+ cl] M[rl+ cl] M[r2+ c2]

Wewill cut through these Gordian knots asfollows:

1.

Few registers. We continue to generate TEMP nodes fredly, and assume that the register alocator will do a
good job.

Classes of registers. Themultiply instruction on the Pentium requiresthat itsleft operand (and therefore
degtination) must be the eax register. The highorder bits of the result (uselessto aMiniJava program) are put
into register edx. The solution isto move the operands and result explicitly; toimplement t1 t2 x t3;

nmov eax, t2 eax t2

nul

t3

eax eax x t3; edx gar bage

nmov t1, eax t1 eax

Thislooksvery clumsy; but one job that the register alocator performsisto eliminate as many move
ingtructions as possible. If the dlocator can assign t1 or t3 (or both) to register eax, then it can delete one or
both of the moveindructions.

Two-addressingructions. We solve this problem in the same way as we solve the previous one: by adding
extramoveingructions. Toimplement t1 t2 + t3 we produce



mov t1,t2 t1 t2
add t1, t3 t1 t1 +t3

Then we hope that the register allocator will be ableto dlocate t1 and t2 to the same register, so that the
move ingtruction will be ddeted.

Arithmetic oper ations can address memory: Theinstruction selection phase turns every TEMP nodeinto
a"regise” reference. Many of these"registers’ will actudly turn out to be memory locations. The spill phase
of the register allocator must be made to handle this case efficiently; see Chapter 11.

The dternative to usng memory-mode operandsis Smply to fetch dl the operands into registers before
operating and store them back to memory afterwards. For example, these two sequences compute the same

thing:

mov eax, [ebp - 8]
add eax, ecx add [ebp - 8], ecx
mov [ebp - 8], eax

r2

The sequence on the right is more concise (and takes |ess machine-code space), but the two sequences are
equally fast. Theload, register-register add, and store take 1 cycle each, and the memory-register add takes
3 cycles. On ahighly pipelined machine such as the Pentium Pro, smple cycle counts are not the whole story,
but the result will be the same: The processor has to perform the load, add, and store, no matter how the
ingtructions specify them.

The sequence on the | eft has one significant disadvantage: It trashesthe value in register eax. Therefore, we
should try to use the sequence on the right when possible. But the issue here turnsinto one of register
allocation, not of instruction speed; so we defer its solution to the register dlocator.

Sever al addressing modes. An addressing mode that accomplishes six thingstypically takes Six stepsto
execute. Thus, these ingtructions are often no faster than the multi-instruction sequencesthey replace. They
have only two advantages: They "trash” fewer registers (such asthe register eax in the previous example), and
they have a shorter instruction encoding. With some work, treematching instruction selection can be madeto
select CISC addressing modes, but programs can be just as fast using the smple RISC-like ingtructions.

Variable-length instructions: Thisisnot redly aproblem for the compiler; once theingtructionsare
sdected, itisatrivid (though tedious) matter for the assembler to emit the encodings.

Instructionswith side effects. Some machines have an "autoincrement” memory fetch ingtruction whose
efectis

Mri]; r1 ri+ 4



Thisingtruction isdifficult to modd using tree patterns, since it produces two results. There are three solutionsto this
problem:

a.

Ignore the autoincrement ingtructions, and hope they go away. Thisisan increasingly successful solution, as
few modern machines have multiple-sde-effect ingtructions.

Try to match specia idiomsin an ad hoc way, within the context of atree pattern-matching code generator.

Use adifferent ingtruction algorithm entirely, one based on DAG patternsinstead of tree patterns.
Severd of these solutions depend critically on the register alocator to eiminate move ingtructions and to be smart
about spilling; see Chapter 11.
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O0.3INSTRUCTION SELECTION FOR THE
MiniJava COMPILER

Pattern-matching of "tiles’ issmple (if tedious) in Java, as shown in Program 9.3. But this figure does not show what
to do with each pattern match. Itisal very well to print the name of the instruction, but which registers should these
indructionsuse?

In atreetiled by ingtruction patterns, the root of each tilewill correspond to some intermediate result heldina
register. Register dlocation isthe act of assigning register numbers to each such node.

The ingtruction selection phase can smultaneoudy do register dlocation. However, many aspects of register
allocation are independent of the particular target-machine ingtruction set, and it isashameto duplicate the
registerdlocation dgorithm for each target machine. Thus, register dlocation should come ether before or after
ingtruction selection.

Before ingtruction sdection, it is not even known which tree nodes will need registersto hold their results, snce only
the roots of tiles (and not other labeled nodes within tiles) require explicit registers. Thus, register dlocation before
instruction selection cannot be very accurate. But some compilersdo it anyway, to avoid the need to describe
meachineingructionswithout the red regigtersfilled in.

Wewill do register adlocation after instruction selection. The ingtruction selection phase will generate indtructions
without quite knowing which registers the ingtructions use.

ABSTRACT ASSEMBLY LANGUAGE INSTRUCTIONS

Wewill invent adatatype for "assembly language instruction without register assgnments’, called Assem.Ingr:

package Assen
i mport Tenp. Tenpli st;

public abstract class Instr {
public String assem
public abstract TenpList use();
public abstract TenpList def();
public abstract Targets junps();
public String format(Tenp. TenpMap m ;
}
public Targets(Tenp. Label Li st | abels);

public OPER(String assem TenplList dst, TenpList src,
Tenp. Label Li st junp);

public OPER(String assem TenplList dst, TenpList src);

public MOVE(String assem Tenp dst, Tenp src);



public LABEL(String assem Tenp.Label | abel);

An OPER holds an assembly language instruction assem, alist of operand registers src, and alist of result registers
ds. Any of theselists may be empty. Operationsthat waysfall through to the next instruction are constructed with
OPER(assem,dst,57¢) and the jumps() method will return null; other operations have alist of "target” labelsto which
they may jump (thislist must explicitly include the next ingtruction if it is possbleto fdl through to it). The us()
method returnsthe src ligt, and the def() method returnsthe dst list, either of which may be null.

A LABEL isapoint in aprogram to which jJumps may go. It has an assem component showing how the labd will
look in the assembly language program and alabel component identifying which label symbol was used.

A MOVE islike an OPER, but must perform only datatransfer. Then, if the dst and src temporaries are assigned to
the same register, the MOVE can later be deleted. The use() method returns asingleton list src, and the def() method
returnsasingleton list dst.

Cdling i.format(m) formats an assembly ingtruction asa string; mis an object implementing the TempMap interface,
which contains amethod to give the register assignment (or perhapsjust the name) of every temp.

package Tenp;
public interface TenpMap {

public String tenpMap(Tenp. Tenp t);
}

Machine independence. The Assem.Ingr classis independent of the chosen target-machine assembly language
(though it istuned for machines with only one class of regigter). If the target machine isa Sparc, then the assem
sringswill be Sparc assembly language. We will use Jouette assembly language for illustration.

For example, thetree
MEM
I

TEMP CONST &
could betrandated into Jouette assembly language as
new OPER("LOAD 'd0 <- M'sO0+8]",

new TenpLi st (new Tenmp(), null),
new TenplLi st (franme. FP(), null));

Thisingruction needs some explanation. The actua assembly language of Jouette, after register dlocation, might be

LOAD r1 <- Mr27+8]

assuming that register r27 isthe frame pointer fp and that the register allocator decided to assign the new temp to
register r 1.Butthe Assem ingtruction does not know about register assignments; instead, it just talks of the sources
and destination of each ingtruction. This LOAD ingtruction has one source register, which isreferred to as 0, and
one destination register, referred to as dO.



Another examplewill be useful. Thetree
¥

"‘_’_,.-""' -‘h\\
I "vﬂl-.M
TEMP 187 CONST 3 TEMPO2
could betrandated as
assem dst gcC
ADDI d0O<- s0+3 t908 t87
LOAD d0 <- M[ s0+0] t909 192
MUL dO<- s0* s1 t910 t908,t909

where t908, 1909, and t910 are temporaries newly chosen by the instruction selector.

After register dlocation the assembly language might look like:

ADDI rl <- ri12+3
LOAD r2 <- Mri13+0]
MJL rl <-rl*r2

The gtring of aningtr may refer to sourceregisters S0, s1, s(k 1), and destination registers dO, d1, etc. Jumps
are OPER ingructionsthat refer to labels |0, j1, etc. Conditiona jumps, which may branch away or fdl through,
typicaly havetwo labelsin the jJump list but refer to only one of them in the assem string.

Two-addressingructions Some machines have arithmetic instructions with two operands, where one of the
operands is both a source and adestination. The instruction add t1,t2, which hasthe effect of t1 t1 + t2, can be
described as

assem dst src
add dO, s1 t1 t1, t2

where S0 isimplicitly, but not explicitly, mentioned in the assem tring.

PRODUCING ASSEMBLY INSTRUCTIONS

Now it isasmple matter to write the right-hand sides of the pattern-matching clausesthat "munch” Tree expressions
into Assem ingtructions. We will show some examples from the Jouette code generator, but the same ideas apply to
code generatorsfor rea machines.



The functions munchStm and munchExp will produce Assem ingructions, bottom-up, as sde effects. MunchExp
returns the temporary in which theresult isheld.

Tenp. Tenp munchExp( Tree. Exp e);
voi d munchSt m(Tree. St m s) ;

The"actions' of the munchExp clauses of Program 9.3 can be written as shown in Programs 9.5 and 9.6.

PROGRAM 9.5: Asseam-ingtructions for munchStm.

ist L(Tenp h, TenpList t) {return new TenpList(h,t);}

munchSt m( SEQ a, b))
{munchStm(a); munchStm(b);}
nmunchSt m MOVE( MEM Bl NOP( PLUS, el, CONST(i))),e2))
emt(new OPER("STORE M 'sO+" + i + "] <- 'sl\n",
nul |, L(nmunchExp(el), L(nunchExp(e2), null))));
nmunchSt m MOVE( MEM Bl NOP( PLUS, CONST(i ), el)), e2))
emt(new OPER("STORE M 'sO+" + i + "] <- 'sl\n",
nul |, L(nmunchExp(el), L(nunchExp(e2), null))));
nmunchSt m{ MOVE( MEM el) , MEM e2) ) )
emt(new OPER("MOVE M 's0] <- M's1]\n",
nul |, L(nmunchExp(el), L(nunchExp(e2), null))));
nmunchSt m( MOVE( MEM CONST(i)), e2))
em t(new OPER("STORE MrO+" + i + "] <- 'sO\n",
nul |, L(nmunchExp(e2), null)));
munchSt m MOVE( MEM el) , e2))
em t(new OPER("STORE M 's0] <- 'si1\n",
nul |, L(nmunchExp(el), L(nunchExp(e2), null))));
nmunchSt m MOVE( TEMP(i ), e2))
emt(new OPER("ADD 'd0 <- 'sO + r0O\n",
L(i,null), L(nmunchExp(e2), null)));
nmunchSt m( LABEL( | ab))
emt (new Assem LABEL(l ab.toString() + ":\n", lab));

RAM 9.6: Assem-ingructions for munchExp.

Exp( MEM BI NOP( PLUS, el, CONST(i))))
mp r = new Tenp();
em t(new OPER("LOAD 'd0 <- M'sO+" + i + "]\n",
L(r,null), L(munchExp(el),null)));
return r;
munchExp( MEM Bl NOP( PLUS, CONST(i ), el)))
Tenp r = new Tenp();
em t(new OPER("LOAD 'd0 <- M'sO+" + i + "]\n",
L(r,null), L(munchExp(el),null)));
return r;
munchExp( MEM CONST(i)))
Tenp r = new Tenp();
em t(new OPER("LOAD 'd0 <- MrO+" + i + "]\n",
L(r,null), null));
return r;
munchExp( MEM el))
Tenp r = new Tenp();
em t (new OPER("LOAD 'd0 <- M's0+0]\n",
L(r,null), L(munchExp(el),null)));
return r;
munchExp( Bl NOP( PLUS, el, CONST(i)))



Tenmp r = new Tenp();
em t(new OPER("ADDI 'dO <- 'sO+" + i + "\n",
L(r,null), L(nunchExp(el),null)));
return r;
nmunchExp( Bl NOP( PLUS, CONST(i ), el))
Tenmp r = new Tenp();
em t(new OPER("ADDI 'dO <- 'sO+" + i + "\n",
L(r,null), L(nunchExp(el),null)));
return r;
munchExp( CONST(i ) )
Tenmp r = new Tenp();
emt(new OPER("ADDI 'dO <- rO+" + i + "\n",
null, L(munchExp(el),null)));
return r;
nmunchExp( Bl NOP( PLUS, el, e2))
Tenmp r = new Tenp();
emt(new OPER("ADD 'd0 <- 'sO+'sl\n",
L(r,null), L(munchExp(el), L(rmunchExp(e2),null))));
return r;
munchExp( TEMP(t))
return t;

The emit function just accumulates alist of ingtructionsto be returned later, as shown in Program 9.7.

PROGRAM 9.7: The Codegen class.

ge Jouette;
upl'lc class Codegen {
Frame frane,;
public Codegen(Frane f) {frame=f;}

private AssemlInstrList ilist=null, |ast=null;

private void emt(AssemlInstr inst) {
if (last!=null)
last = last.tail = new Assem InstrList(inst,null);
else last = ilist = new AssemInstrList(inst,null);
}
voi d munchStm(Tree. Stms) { ... }
Temp. Tenp munchExp(Tree.Exp s) { ... }

Assem I nstrList codegen(Tree.Stms) {
Assem InstrList |;
munchSt m(s) ;
I =ilist;
ilist=last=null;
return I|;

}

}

package Frane;
public class Franme {

public Assem InstrList codegen(Tree.Stmstm; {
return (new Codegen(this)).codegen(stn);
}
}

PROCEDURE CALLS



Procedure calls are represented by EXP(CALL(f, args)), and function callsby MOVE(TEMP t, CALL(f, args)).
These trees can be matched by tiles such as

munchSt m EXP( CALL( e, args)))
{Tenp r = munchExp(e); TenpList | = nunchArgs(0, args);
em t(new OPER("CALL 'sO\n",calldefs,L(r,1)));}

In this example, munchArgs generates code to move al the argumentsto their correct positions, in outgoing
parameter registers and/or in memory. The integer parameter to munchArgsisi for the ith argument; munchArgswill
recur with 1 + 1 for the next argument, and so on.

What munchArgsreturnsisalist of al the temporariesthat are to be passed to the machine's CALL instruction. Even
though these temps are never written explicitly in assembly language, they should be listed as " sources' of the
ingtruction, so that livenessanalys's (Chapter 10) can seethat their val ues need to be kept up to the point of call.

A CALL isexpected to "trasn” certain registers - the caler-save registers, the return-address register, and the
return-vaue register. Thislist of caldefs should belisted as "destinations’ of the CALL, so that the |ater phases of the
compiler know that something happensto them here.

In generd, any ingruction that has the Sde effect of writing to another register requires this treatment. For example,
the Pentium’s multiply instruction writes to register edx with useless high-order result bits, so edx and eax are both
listed as destinations of thisingruction. (The high-order bits can be very useful for programs written in assembly
language to do multiprecision arithmetic, but most programming languages do not support any way to access them.)

|F THERE'SNO FRAME POINTER

In astack frame layout such as the one shown in Figure 6.2, the frame pointer points at one end of the frame and the
stack pointer points at the other. At each procedure call, the stack pointer register is copied to the frame pointer
register, and then the stack pointer isincremented by the size of the new frame.

Many machines caling conventions do not use aframe pointer. Instead, the "virtud frame pointer” isaways equd to
stack pointer plusframe size. This savestime (no copy instruction) and space (one more register usable for other
purposes). But our Trandate phase has generated trees that refer to thisfictitious frame pointer. The codegen function
must replace any reference to FP+k with SP + k + fs, where fs isthe frame Size. It can recogni ze these patterns asiit
munchesthetrees.

However, to replace them it must know the vaue of fs, which cannot yet be known because register dlocation is not
known. Assuming the function f isto be emitted at label L14 (for example), codegen can just put sp+L.14 framesize
in its assembly instructions and hope that the prologue for f (generated by Frame.procEntryExit3) will include a
definition of the assembly language constant L14 framesize. Codegen is passed the frame argument (Program 9.7) so
that it can learn the name L 14.

Implementations that have a"red" frame pointer won't need this hack and can ignore the frame argument to codegen.



But why would an implementation use ared frame pointer when it wastes time and space to do so? The answer is
that this permitsthe frame size to grow and shrink even after it isfirst created; some languages have permitted
dynamic alocation of arrayswithin the stack frame (e.g., usng dlocain C). Caling-convention designers now tend to
avoid dynamicdly adjustable frame sizes, however.
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PROGRAM INSTRUCTION SELECTION

Implement the trand ation to Assem+-ingtructions for your favorite instruction set (let stand for Sparc, Mips, Alpha,
Pentium, etc.) usng maxima munch. If you would like to generate code for a RISC machine, but you have no RISC
computer on which to test it, you may wish to use SPIM (aMIPS smulator implemented by James Larus), described
on the Web page for this book.

First write the class .Codegen implementing the "maxima munch” trandation algorithm from IR treesto the Assem
datastructure.

Use the Canon module (described in Chapter 8) to smplify the trees before applying your Codegen module to them.
Use the format function to trandate the resulting Assem treesto assembly language. Since you won't have done
register assignment, just pass new Temp.DefaultMap() to format as the trand ation function from temporariesto

drings.

package Tenp;
public class Default Map inpl enents TenpMap {
public String tenpMap(Tenp. Tenp t) {
return t.toString();
}

Thiswill produce "assembly” language that does not use register names a adl: Theingtructionswill use names such as
t3, t283, and so on. But some of these temps are the "built-in" ones created by the Frame module to stand for
particular machine registers (see page 143), such as Frame.FP. The assembly language will be easier to read if these
registers appear with their natural names (e.g., fp instead of t1).

The Frame module must provide amapping from the specid tempsto their names, and nongpecia tempsto null:

package Frane;
public class Frane inpl enents Tenp. TenpMap {

abstract public String tenmpMap(Tenp tenp);
}

Then, for the purposes of displaying your assembly language prior to register alocation, make anew TempMap
function that first tries frame.tempMap, and if that returns null, resortsto Temp.toString().

REGISTERLISTS

Makethefollowing lists of registers; for each register, you will need astring for its assembly language representation
and aTemp.Temp for referring to it in Tree and Assem data structures.



specidregsaligt of registersused to implement "specia” registers such as RV and FP and dso the stack
pointer SP, the return-address register RA, and (on some machines) the zero register ZERO. Some machines
may have other specid regigters,

agregsalis of registersinwhich to pass outgoing arguments (including the static link);

caleesavesalist of registersthat the called procedure (callee) must preserve unchanged (or save and
restore);

cdlersavesalist of regigtersthat the callee may trash.

Thefour ligts of registers must not overlap, and must include any register that might show up in Assem ingructions.
Theselistisare not public, but they are useful internally for both Frame and Codegen - for example, to implement
munchArgs and to congtruct the caldefsligt.

Implement the procEntryExit2 function of the .Frame class.

package Frane;
class Franme inplenments Tenp. TenpMap {

abstract public AssemlInstrList procEntryExit2(
Assem I nstrList body);

Thisfunction gppendsa"snk™ ingruction to the function body to tell the register dlocator that certain registersarelive
at procedure exit. In the case of the Jouette machine, thisissmply:

package Jouette;
cl ass Frane extends Frane. Frane {

static TenpList returnSink =
L(ZERO, L(RA, L(SP, call eeSaves)))

static Assem InstrList append(Assem | nstrlList a,
Assem InstrList b) {
if (a==null) return b;
el se {Assem InstrList p
for(p=a; p.tail!=null; p=p.tail) {}
p.tail =b;
return a;
}
}
public Assem InstrList procEntryExit2(
Assem I nstrList body) {
return append(body,
new Assem | nstrList(
new Assem OPER("", null, returnSink),null));



meaning that the temporaries zero, return-address, stack pointer, and dl the callee-savesregisersare dill live at
the end of the function. Having zero live a the end meansthat it islive throughout, which will prevent the register
allocator from trying to useit for some other purpose. The sametrick worksfor any other specia registersthe
machine might have.

Filesavailablein SMINIJAVA/chap9 include:

Canon/* Canonicdlization and trace generation.

Asm/* The Assem module,

Man/MainjavaA Main module that you may wish to adapt.

Y our code generator will handle only the body of each procedure or function, but not the procedure entry/exit
sequences. Usea"scaffold” version of Frame.procEntryExit3 function:

package
cl ass Franme extends Frane. Frane {

public Frane.Proc procEntryExit3(Assem | nstrlList body) {
return new Frane. Proc(
"PROCEDURE " + nane.toString() + "\n",
body,
"END " + nane.toString() + "\n");
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FURTHER READING

Cattell [1980] expressed machine ingdructions astree patterns, invented the maxima munch agorithm for instruction
selection, and built a code-generator generator to produce an instruction selection function from atree-pattern
description of an ingtruction set. Glanville and Graham [1978] expressed the tree patterns as productionsin LR(1)
grammars, which dlowsthemaxima munch agorithm to use multiple nontermina symbolsto represent different
classes of regigters and addressing modes. But grammars describing ingtruction sets are inherently ambiguous, leading
to problems with the LR(1) approach; Aho et . [1989] use dynamic programming to parse the tree grammars,
which solves the ambiguity problem, and describe the Twig automatic code-generator generator. The dynamic
programming can be done at compiler-construction time instead of code-generation time [Pelegri-Llopart and
Graham 1988]; usng thistechnique, the BURG tool [Fraser et d. 1992] has an interface similar to Twig's but
generates code much faster.
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EXERCISES

9.1 For each of thefollowing expressions, draw the tree and generate Jouette-machine ingructionsusing
maximal munch. Cirdethetiles (asin Figure 9.2), but number them in the order that they are munched, and
show the sequence of Jouette ingtructionsthat results.

a.

MOV E(MEM (+(+(CONST 1000, MEM(TEMPX)), TEMPfp)), CONSTO)

BINOP(MUL, CONST5, MEM(CONST100))

*9.2 Condder amachine with thefollowing ingtruction:

mult constl(srcl), const2(src2), dst3
r3 Mrl + constl]* Mr2 + const?2]

Onthismachine, rOisaways 0, and M[1] dways contains 1.
a.

Draw dl the tree patterns corresponding to this instruction (and its specid cases).

Pick one of the bigger patterns and show how to write a Javaif-statement to match it, with the Tree
representation used for the MiniJavacompiler.

9.3 The Jouette machine has control-flow instructions asfollows:
BRANCHGE ifri Ogoto L
BRANCHLT if ri< Qgoto L

BRANCHEQ if ri =0goto L



BRANCHNE ifri Ogoto L
JUMP goto ri

where the JUMP ingtruction goes to an address contained in aregister.

Use these ingtructions to implement the following tree patterns:
CIUMP

JUMP JUMP
| | T
GT

MAaME NAME NAME

Assumethat aCIJUMP isawaysfollowed by itsfase label. Show the best way to implement each pattern; in
some cases you may need to use more than one instruction or make up anew temporary. How do you
implement CJUMP(GT, ) without aBRANCHGT ingtruction?
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Chapter 10: Liveness Analysis

live: of continuing or current interest

Webgter's Dictionary
OVERVIEW

The front end of the compiler trandates programs into an intermediate language with an unbounded number of
temporaries. This program must run on amachine with abounded number of registers. Two temporaries a and b can
fitinto the sameregider, if a and b are never "in use” at the same time. Thus, many temporaries can fit in few
registers, if they don't al fit, the excess temporaries can be kept in memory.

Therefore, the compiler needs to andyze the intermediate-representation program to determine which temporaries
arein use a the sametime. We say avariableis live if it holdsavaue that may be needed in the future, so this
andyssiscdled liveness andyss.

To perform andyses on aprogram, it is often useful to make a control-flow graph. Each statement in the program is
anodeintheflow graph; if statement x can be followed by statement y, thereis an edge from x to y. Graph 10.1
showsthe flow graph for asmpleloop.

GRAPH 10.1: Control-flow graph of aprogram.
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Let us consder theliveness of each variable (Figure 10.2). A variableisliveif its current vaue will beused inthe



future, so we andyze liveness by working from the future to the past. Variable b isused in statement 4, so bisliveon
the 3 4 edge. Since statement 3 does not assigninto b, then bisadsoliveonthe2 3 edge. Statement 2 assignsinto b.
That meansthat the contentsof b onthe 1 2 edge are not needed by anyone; b is dead on thisedge. So the live
rangeof bis{2 3,3 4}.

S

—l 6
ra—
! P « | refurm <

Lk} 1+ il

Figure 10.2: Livenessof varidbles a, b, c.
Thevaiade aisaninteresting case. It'slivefrom 1 2, and againfrom4 5 2, but not from 2 3 4. Although a hasa
perfectly well-defined value a node 3, that value will not be needed again before a isassgned anew vaue.

Thevariadle cislive on entry to this program. Perhapsit isaforma parameter. If itisalocd variable, then liveness
andlysis has detected an uninitialized variable; the compiler could print awarning message for the programmer.

Oncedl thelive ranges are computed, we can see that only two registers are needed to hold a, b, and ¢, snce a and
b are never live a the sametime. Register 1 can hold both a and b, and register 2 can hold c.
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10.1 SOLUTION OF DATAFLOW EQUATIONS

Livenessof variables "flows" around the edges of the control-flow graph; determining the live range of each varigble
isan example of a dataflow problem. Chapter 17 will discuss severa other kinds of dataflow problems.

Flow-graph terminology A flow-graph node has out-edges that lead to successor nodes, and in-edges that come
from predecessor nodes. The set pred[n] isdl the predecessors of node n, and succ[n] isthe set of successors.

In Graph 10.1 the out-edges of node 5 are5 6and 5 2, and succ[5] ={2, 6}. Thein-edgesof 2are5 2and 1 2,
and pred[2] ={1, 5}.

Uses and defs An assgnment to avariable or temporary defines that variable. An occurrence of avariable on the
right-hand side of an assignment (or in other expressions) uses the variable. We can speak of the def of avariable as
the set of graph nodesthat define it; or the def of agraph node asthe set of variablesthat it defines; and smilarly for
the use of avariable or graph node. In Graph 10.1, def(3) ={ c}, use(3) ={b, c}.

Liveness A varidbleislive on an edgeif thereisadirected path from that edge to a use of the variable that does not
gothrough any def. A varidbleis live-in at anodeif itislive on any of thein-edges of that node; itis live-out a a
nodeif it islive on any of the out-edges of the node.

CALCULATION OF LIVENESS

Livenessinformation (live-in and live-out) can be calculated from use and def asfollows

1.
If avariableisin use[n], thenitislive-in a node n. That is, if astatement usesavariable, thevarigbleislive
on entry to that statement.

2.
If avariableis live-in a anode n, thenitis live-out a al nodes min pred[n].

3.

If avariableis live-out at node n, and not in def [n], thenthe variableisaso live-in a n. That is, if someone
needsthe value of a at the end of statement n, and n does not provide that vaue, then a'svaueis needed
even on entry to n.

These three statements can be written as Equations 10.3 on sets of variables. Thelive-in setsare an array in[n]
indexed by node, and the live-out setsare an array out[n]. That is, in[n] isdl thevariablesin use[n], plusdl the



variablesin out[n] and not in def [n]. And out[n] isthe union of thelive-in sets of al successorsof n.

EQUATIONS 10.3: Dataflow equationsfor liveness analysis.

it ] = wse|n | U lonutlir] — defln))

anfln] = U in|s]

seaiec]m]

Algorithm 104 finds asolution to these equations by iteration. Asusud, weinitidize in[n] and out[n] to thethe
empty set {}, foral n, then repeatedly treat the equations as assignment statements until afixed point isreached.

ALGORITHM 10.4: Computation of livenessby iteration.

ach n
mpn] {}; out[n] {}
r epeat
for each n
in[n] in[n]; out [n] out [ n]
in[n use[ n] (out[n] def [ n])
out [ n] s succ[n]in[s]
until in [n] =in[n] and out [n] = out[n] for all n

Table 10.5 showsthe results of running the algorithm on Graph 10.1. The columns 1<, 2nd, etc., arethe values of in
and out on successive iterations of the repeat loop. Since the 7th column isthe same asthe 6th, the dgorithm
terminates.

-10.5: Liveness cdculation following forward control-flow edges.

1st 2nd 3rd 4th 5th 6th 7th

ue def in out in out in out in out in out in out in out

1 a a a & ¢ & ¢ &« ¢ &
2 a b a a bc a& bc a bc a& bc a bc a be
3 bc ¢ bc bc b bc b bc b bc b bc bc bc be
4 b a b b a b a b a& bc a& bc a& bc a
5 a a a a & & & & a«& & a«& a«& a«& a« &




We can speed the convergence of this agorithm significantly by ordering the nodes properly. Supposethereisan
edge 3 4 inthegraph. Since in[4] iscomputed from out[4], and out[3] iscomputed from in[4], and so on, we
should compute thein and out setsin the order out[4] in[4] out[3] in[3]. Butin Table 10.5, just the opposite order
isused in each iteration! We have waited as long as possible (in each iteration) to make use of information gained
from the previousiteration.

Table 10.6 showsthe computation, in which each for loop iteratesfrom 6 to 1 (approximately following the reversed
direction of the flow-graph arrows), and in each iteration the out sets are computed before thein sets. By the end of
the second iteration, the fixed point has been found; the third iteration just confirmsthis.

.10.6: Liveness cadculation following reverse control-flow edges.

1st 2nd 3rd
use def out in out in out in
6 c c Cc c
5 a c e a a a ac
4 b a ac bc ac bc ac bc
3 bc c bc bc bc bc bc bc
2 a b bc ac bc ac bc ac
1 a ac c a c a c

.solvi ng dataflow equations by iteration, the order of computation should follow the "flow." Since livenessflows
backward aong control-flow arrows, and from "out" to "in", so should the computation.

Ordering the nodes can be done easily by depth-first search, as shownin Section 17.4.

Basic blocks Flow-graph nodes that have only one predecessor and one successor are not very interesting. Such
nodes can be merged with their predecessors and successors; what resultsis a graph with many fewer nodes, where
each node represents abasic block. The agorithms that operate on flow graphs, such asliveness andys's, go much
faster on the smdler graphs. Chapter 17 explains how to adjust the dataflow equations to use basic blocks. In this
chapter we keep thingssmple.



Onevariable at atime Instead of doing dataflow "in parale" using set equations, it can be just as practicd to
compute dataflow for one variable at atime asinformation about that variable is needed. For liveness, thiswould
mean repesting the dataflow traversal once for each temporary. Starting from each use site of atemporary t, and
tracing backward (following predecessor edges of the flow graph) using depth-first search, we note the liveness of t
at each flow-graph node. The search stops a any definition of the temporary. Although this might seem expensive,
many temporaries have very short live ranges, so the searches terminate quickly and do not traverse the entire flow
graph for most variables.

REPRESENTATION OF SETS

There are at least two good ways to represent sets for dataflow equations. as arrays of bits or as sorted lists of
variables.

If thereare N variablesin the program, the bit-array representation uses N bitsfor each set. Caculating the union of
two setsisdone by or-ing the corresponding bits at each position. Since computers can represent K bits per word
(with K = 32 typica), one set-union operation takes N/K operations.

A st can also be represented as alinked list of its members, sorted by any totaly ordered key (such asvariable
name). Caculating the union is done by merging the lists (discarding duplicates). Thistakestime proportiond to the
Sze of the sets being unioned.

Clearly, when the sets are sparse (fewer than N/K elements, on the average), the sorted-list representation is
asymptoticaly faster; when the sets are dense, the bit-array representation is better.

TIME COMPLEXITY

How fadt isiterative dataflow analysis?

A program of size N hasa most N nodesin the flow graph, and at most N variables. Thus, each live-in set (or
live-out set) has at most N dements, each set-union operation to compute live-in (or live-out) takes O(N) time.

The for loop computes a constant number of set operations per flow-graph node; there are O(N) nodes; thus, the for
loop takes O(N2) time.

Each iteration of the repeat 1oop can only make eachin or out set larger, never smdler. Thisisbecausetheinand
out sets are monotonic with respect to each other. That is, in the equation in[n] = use[n] (out[n] def[n]), alarger out
[n] can only make in[n] larger. Similarly, in out[n] = ssuccln]in[g], alarger in[s] can only make out[n] larger.

Each iteration must add something to the sets; but the sets cannot keep growing infinitely; a most every set can
contain every variable. Thus, the sum of the sizesof dl in and out setsis 2N2, which isthe most that the repest 1oop
caniterate.



Thus, the worgt-case run time of thisagorithm is O(N4). Ordering the nodes using depth-first search (Algorithm 17.5,
page 363) usudly bringsthe number of repeat-loop iterationsto two or three, and the live sets are often sparse, so
the dgorithm runs between O(N) and O(N2) in practice.

Section 17.4 discusses more sophisticated ways of solving dataflow equations quickly.

LEAST FIXED POINTS

Table 10.7 illugtrates two solutions (and anonsol ution!) to the Equations 10.3; assume there is another program
variable d not used in thisfragment of the program.

.10.7: X andY are solutionsto the liveness equations; Z isnot asolution.

X Y Z

use def in out in out in out
1 a c ac cd acd c ac
2 a b ac bc acd bed ac b
3 bc c bc bc bed bed b b
4 b a bc ac bed acd b ac
5 a ac ac acd acd ac ac
6 c c c C

.Iion Y, thevarigble d is carried uselessy around the loop. But in fact, Y satisfies Equations 10.3 just as X does.
What doesthismean?Is d live or not?

The answer isthat any solution to the dataflow equationsis a conser vative approximation. If thevaue of variable a
will truly be needed in some execution of the program when execution reaches node n of the flow graph, then we can
be assured that a islive-out at node n in any solution of the equations. But the converseis not true; we might
cdculatethat dislive-out, but that doesn't mean that its vaue will redly be used.

Isthis acceptable? We can answer that question by asking what use will be made of the dataflow information. In the



case of livenessandysis, if avariableis thought to be live, then we will make sureto haveitsvauein aregiger. A
conservative gpproximation of livenessisonethat may erroneoudy believe avariableislive, but will never
erroneoudy believeit is dead. The consequence of aconservative approximation isthat the compiled code might use
more regigersthan it redly needs; but it will compute the right answer.

Condder ingtead the live-in sets Z, which fall to satidfy the dataflow equations. Using this Z wethink that b and c are
never live a the sametime, and we would assign them to the same register. The resulting program would use an
optima number of registers but compute the wrong answer .

A dataflow equation used for compiler optimization should be set up so that any solution to it provides conservative
information to the optimizer; imprecise information may lead to suboptima but never incorrect programs.

Theorem Equations 10.3 have more than one solution.

Proof X and Y are both solutions.

Theorem All solutionsto Equations 10.3 contain solution X. That is, if inX [n] and inY [n] arethe live-in setsfor
somenode ninsolutions X and Y, then inX [n] inY [n].

Proof See Exercise 10.2.

We say that X isthe least solution to Equations 10.3. Clearly, Snce abigger solution will lead to usng more
registers (producing suboptima code), we want to use the least solution. Fortunately, Algorithm 104 aways
computesthe least fixed point.

STATICVS. DYNAMIC LIVENESS

A vaiadleislive"if itsvauewill beused inthefuture” In Graph 10.8, we know that b x b must be nonnegative, so
that thetest ¢ b will betrue. Thus, node 4 will never be reached, and a's value will not be used after node 2; a isnot
live-out of node 2.

GRAPH 10.8: Standard gtatic dataflow analysiswill not take advantage of the fact that node 4 can never be reached.
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return a return ¢

But Equations 10.3 say that a islive-in to node 4, and therefore live-out of nodes 3 and 2. The equations are ignorant
of which way the conditiona branch will go. "Smarter" equationswould permit a and ¢ to be assigned the same
regiser.

Although we can prove here that b*b 0, and we could have the compiler ook for arithmetic identities, no compiler
can ever fully understand how dl the control flow in every program will work. Thisisafundamental mathematica
theorem, derivable from the hating problem.

Theorem Thereisno program H that takes asinput any program P and input X and (without infinite-looping) returns
trueif P(X) hdtsand fdseif P(X) infinite-loops.

Proof Suppose that there were such a program H; then we could arrive a a contradiction asfollows. From the

program H, construct the function F,
F(¥y=if H(Y. Y) then (while true do ()) else true

By the ddfinition of H, if F(F) hdts, then H(F, F) istrue; so the then clauseistaken; so the while loop executes
forever; so F(F) doesnot halt. But if F(F) loopsforever, then H(F, F) isfdse; sothe el se clauseistaken; so F(F)
hats. The program F(F) hdtsif it doesn't halt, and doesn't halt if it halts: a contradiction. Thusthere can be no
program H that tests whether another program halts (and dways hdts itsdlf).

Corallary No program H (X, L) cantdl, for any program X and labe L within X, whether thelabel L isever
reached on an execution of X.

Proof From H we could construct H. In some program that we want to test for halting, just let L be the end of the
program, and replace dl instances of the halt command with goto L.



Conservative approximation Thistheorem does not mean that we can never tell if agiven labe isreached or nat,
just that thereis not agenerd dgorithm that can always tell. We could improve our liveness andyss with some
specia-case dgorithmsthat, in some cases, cal culate more information about run-time control flow. But any such
agorithm will come up againgt many caseswhereit smply cannot tell exactly what will happen a run time.

Because of thisinherent limitation of program analysis, no compiler canredly tdl if avariablesvaueistruly needed -
whether the variableistruly live. Instead, we have to make do with a conservative approximation. We assume that
any conditiona branch goes both ways. Thus, we have a dynamic condition and its static approximation:

Dynamic liveness Avariable a isdynamicdly live a node n if some execution of the program goesfrom n
to ause of awithout going through any definition of a.

Static liveness Avaiable aisgaticdly live a node n if thereis some path of control-flow edgesfrom nto
some use of a that does not go through adefinition of a.

Clearly, if aisdynamicaly live, itisaso saticdly live. An optimizing compiler must allocate registers, and do other
optimizations, on the basis of atic liveness, because (in genera) dynamic liveness cannot be computed.

INTERFERENCE GRAPHS

Livenessinformation is used for severa kinds of optimizationsin acompiler. For some optimizations, we need to
know exactly which variables are live a each node in the flow graph.

One of the most important gpplications of liveness anadysisisfor register allocation: We have a set of temporaries a,
b, ¢, that must be dlocated to registersrl, , rk. A condition that prevents a and b from being alocated to the same
register iscaled an interference.

The most common kind of interference is caused by overlapping live ranges: When a and b are both live at the same
program point, then they cannot be put in the same register. But there are some other causes of interference: for
example, when a must be generated by an ingtruction that cannot addressregister r1, then a and rlinterfere.

Interference information can be expressed as amatrix; Figure 10.9ahas an x marking interferences of the variablesin
Graph 10.1. Theinterference matrix can aso be expressed as an undirected graph (Figure 10.9b), with anode for

each variable, and edges connecting variablesthat interfelrejﬂ
I a b C wy
i L ::.{\}
b X TN

L&)
C X X —

{a) Matrix b} Graph

Figure 10.9: Representations of interference.



Special treatment of MOVE instructions In gdtic liveness andyss, we can give MOVE ingtructions specid
congderation. It isimportant not to create artifica interferences between the source and destination of amove.

Congder the program:
f—5 {copy)

X — ... 5 ... (nse of 5)
ye—...!... (use of 1}

After the copy ingruction both sand t arelive, and normally we would make an interference edge (s, t) Sncetis
being defined at a point where sislive. But we do not need separate registersfor sand t, sncethey contain the same
vaue. The solution isjust not to add an interference edge (t, s) in thiscase. Of coursg, if thereisalater (nonmove)
definition of t while sisdtill live, that will creastethe interference edge (t, s).

Therefore, theway to add interference edges for each new definition is
1.

At any nonmove ingruction that defines avariable a, where the live-out variablesare bl, , bj, add
interference edges (a, bl), ,(a, bj).

Atamoveindruction a ¢, wherevariables bl, , bj are live-out, add interference edges (a, bl), ,(a, bj) for
any bi that is not the sameas c.

- . A Previous | Mext k
Team-Fly " §



Team-Fly

4 Previous | Mesxt #

10.2 LIVENESSIN THE MiniJava COMPILER

Theflow andysisfor the MiniJavacompiler isdonein two stages: Firgt, the control flow of the Assem programis
analyzed, producing a control-flow graph; then, the liveness of variablesin the control-flow graph is anayzed,
producing an interference graph.

GRAPHS

To represent both kinds of graphs, let's make a Graph abstract data type (Program 10.10).

PROGRAM 10.10: The Graph abstract data type.

ge G aph;

public class Gaph {
public Gaph();
publ i c NodeLi st nodes();
publ i c Node newNode();
public void addEdge(Node from Node to);
public void rnEdge(Node from Node to);
public void show(java.io.PrintStream out);

}

public class Node {
publ i c Node(G aph g);
publ i ¢ NodeLi st succ();
publ i c NodeLi st pred();
publ i ¢ NodeLi st adj();
public int outDegree();
public int inDegree();
public int degree();
publ i c bool ean goesTo(Node n);
publ i c bool ean comesFrom Node n);
publ i c bool ean adj (Node n);
public String toString();

The constructor Graph() creates an empty directed graph; g.newNode() makes anew node within agraph g. A
directed edge from nto mis created by g.addEdge(n,m); after that, m will befound in thelist n.succ() and nwill be
in m.pred(). When working with undirected graphs, the function adj isuseful: m.adj() = m.succ() m.pred().

To delete an edge, use rmEdge. To test whether m and n are the same node, use m==n.

When using agraph in an dgorithm, we want each node to represent something (an instruction in aprogram, for
example). To make mappings from nodes to the things they are supposed to represent, we use a Hashtable. The
following idiom associatesinformation x with node n in amapping mytable.



java. util.Dictionary nytable = new java.util.Hashtabl e();
. nytabl e. put (n, x);

CONTROL-FLOW GRAPHS

The FlowGraph package manages control-flow graphs. Each instruction (or basic block) is represented by anodein
the flow graph. If instruction m can be followed by instruction n (either by ajump or by faling through), then there
will be an edge (m, n) inthe graph.

public abstract class Fl owG aph extends G aph. G aph {
public abstract TenpLi st def(Node node);
public abstract TenpLi st use(Node node);
public abstract bool ean i sMove(Node node);
public void show(java.io.PrintStream out);

Each Node of the flow graph represents an ingtruction (or, perhaps, abasic block). The def() method tells what
temporaries are defined at this node (destination registers of the ingtruction). us() tellswhat temporaries are used at
this node (source registers of the ingtruction). isMove tells whether thisingruction isaMOV E ingtruction, one that
could be deleted if the def and use wereidentical.

The AssemHowGraph class provides an implementation of FlowGraph for Assem instructions.

package Fl owG aph;

public class AssenFl owG aph ext ends Fl owG aph {
public Instr instr(Node n);
public AssenfFl owG aph(Assem I nstrList instrs);

The congtructor AssemHowGraph takes alist of ingtructions and returns aflow graph. In making the flow graph, the
jump fidds of theinstrs are used in creating control-flow edges, and the use and def information (obtained from the
src and dst fidds of the ingtrs) is attached to the nodes by means of the use and def methods of the flowgraph.

I nfor mation associated with the nodes For aflow graph, we want to associate some use and def information with
each node in the graph. Then the liveness-analysis algorithm will aso want to remember live-in and live-out
information a each node. We could make room in the Node classto store dl of thisinformation. Thiswould work
well and would be quite efficient. However, it may not be very modular. Eventualy we may want to do other
analyses on flow graphs, which remember other kinds of information about each node. We may not want to modify
the data structure (which isawiddy used interface) for each new andyss.

Instead of storing the information in the nodes, amore modular approach isto say that agraph isagraph, and that a
flow graph isagraph aong with separately packaged auxiliary information (tables, or functions mapping nodesto
whatever). Smilarly, adataflow agorithm on agraph does not need to modify dataflow information in the nodes, but
modifiesits own privately held mappings.

There may be atrade-off here between efficiency and modularity, snceit may be faster to keep theinformation in
the nodes, accessible by asimple pointer-traversal instead of a hash-table or search-tree lookup.



LIVENESSANALYSIS

The RegAlloc package has an abstract class I nterferenceGraph to indicate which pairs of temporaries cannot share a
register:

package RegAll oc;
abstract public class InterferenceG aph extends G aph. G aph{
abstract public Graph. Node tnode(Tenp. Tenp tenp);
abstract public Tenp. Tenp gtenp(Node node);
abstract public Mvelist noves();
public int spill Cost(Node node);

The method tnode relates a Temp to a Node, and gtemp is the inverse map. The method movestellswhat MOVE
ingtructions are associated with this graph (thisis a hint about what pairs of temporariesto try to alocate to the same
register). The spillCost(n) isan estimate of how many extraingtructions would be executed if n were kept in memory
instead of in registers, for anaive spiller, it sufficesto return 1 for every n.

The class Liveness produces an interference graph from aflow graph:

package RegAll oc;
public class Liveness extends InterferenceGaph {
public Liveness(Fl owG aph fl ow);

}

In the implementation of the Liveness module, it isuseful to maintain a data structure that rememberswhat islive at
the exit of each flow-graph node:

private java.util.Dictionary |liveMap =
new java. util . Hashtabl e();

where the keys are nodes and objects are TempLists. Given aflow-graph node n, the set of live temporaries at that
node can belooked up in aglobal liveMap.

Having calculated a complete liveMap, we can now construct an interference graph. At each flow node n where
thereisanewly defined temporary d def(n), and where temporaries{t1, t2; } areintheliveMap, we just add
interference edges (d, t1), (d, t2), . For MOVEs, these edges will be safe but suboptimal; pages 213-214 describe a
better trestment.

What if anewly defined temporary isnot live just after its definition? Thiswould be the caseif avariableis defined
but never used. It would seem that theres no need to put it in aregister at al; thusit would not interfere with any
other temporaries. But if the defining ingtruction is going to execute (perhaps it is necessary for some other Sde effect
of theingruction), then it will write to some register, and that register had better not contain any other live varigble.
Thus, zero-length live ranges do interfere with any live ranges that overlap them.
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PROGRAM CONSTRUCTING FLOW GRAPHS

Implement the AssemFlowGraph classthat turnsalist of Assem ingructionsinto aflow graph. Usethe abstract
classes Graph.Graph and Flow- Graph.FlowGraph provided in $MINIJAV A/chapl0.
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PROGRAM LIVENESS

Implement the Liveness module. Use elther the set-equation agorithm with the array-of-boolean or
sorted-list-of-temporaries representation of sets, or the one-variabl e-at-a-time method.
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EXERCISES

10.1 Perform flow andlysis on the program of Exercise 8.6:
a.

Draw the control-flow graph.

Cdculatelive-in and live-out at each satement.

Congtruct the register interference graph.

**10.2 Provethat Equations 10.3 have aleast fixed point and that Algorithm 10.4 aways computesit.

Hint: We know the agorithm refuses to terminate until it has afixed point. The questions are whether (a) it
must eventualy terminate, and (b) thefixed point it computesis smaler than dl other fixed points. For (a)
show that the sets can only get bigger. For (b) show by induction that at any timethe in and out setsare
subsets of thosein any possiblefixed point. Thisisclearly trueinitidly, when in and out are both empty;
show that each step of the agorithm preservesthe invariant.

*10.3 Anayze the asymptotic complexity of the one-variable-at-a-time method of computing dataflow
informetion.

*10.4 Andyze the worgt-case asymptotic complexity of making an interference graph, for aprogram of sze
N (with a most N variables and a most N control-flow nodes). Assume the dataflow andysisis dready
done and that use, def, and live-out information for each node can be queried in congtant time. What
representation of graph adjacency matrices should be used for efficiency?

10.5 The DEC Alpha architecture places the following restrictions on floating-point ingtructions, for programs
that wish to recover from arithmetic exceptions.

1.

Within abasic block (actudly, in any sequence of instructions not separated by atrap-barrier instruction),



no two ingtructions should write to the same destination register.

2.
A sourceregister of an instruction cannot be the same as the destination register of that instruction or any
later ingtruction in the basic block.
ri+r5 rd ri+r5 r4 ri+r5r3 ri+r5 rd
r3xr2 r4 rdxr2 rl rdxr2 r4 rdxr2 r6
violatesrule 1. violatesrule 2. violatesrule 2. OK

Show how to express these redtrictions in the register interference graph.
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Chapter 11. Register Allocation

reg-is-ter : adevicefor storing small amounts of data
al-lo-cate: to apportion for a specific purpose

Webgter's Dictionary
OVERVIEW

The Trandate, Canon, and Codegen phases of the compiler assume that there are an infinite number of registersto
hold temporary values and that MOV E ingtructions cost nothing. Thejob of the register dlocator isto assign the
many temporariesto asmall number of machine registers, and, where possible, to assign the source and destination
of aMOVE to the same register so that the MOV E can be del eted.

From an examination of the control and dataflow graph, we derive an interference graph. Each nodein the
interference graph represents atemporary value; each edge (t1, t2) indicates apair of temporaries that cannot be
assigned to the same register. The most common reason for an interference edgeisthat t1 and t2 arelive a the same
time. Interference edges can aso express other condraints; for example, if acertainingruction a b ¢ cannot
produce resultsin register r12 on our machine, we can make a interfere with r12.

Next we color the interference graph. We want to use asfew colors as possible, but no pair of nodes connected by
an edge may be assigned the same color. Graph coloring problems derive from the old mapmakers rule that adjacent
countries on amap should be colored with different colors. Our "colors’ correspond to registers: If our target
machinehas K registers, and we can K -color the graph (color the graph with K colors), then the coloring isavalid
register assgnment for the interference graph. If thereisno K -coloring, we will have to keep some of our variables
and temporariesin memory instead of regigters; thisiscaled spilling.
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11.1 COLORING BY SIMPLIFICATION

Regigter dlocation isan NP-complete problem (except in specia cases, such as expression trees); graph coloring is
aso NP-complete. Fortunately there is alinear-time approximation algorithm that gives good results; its principa
phases are Build, Smplify, Spill, and Select.

Build: Congtruct the interference graph. We use dataflow analysisto compute the set of temporariesthat are
smultaneoudy live a each program point, and we add an edge to the graph for each pair of temporariesin the st.
We repeat thisfor dl program points.

Simplify: We color the graph using asmple heuristic. Suppose the graph G contains anode m with fewer than K
neighbors, where K isthe number of registers on the machine. Let G bethegraph G {m} obtained by removing m.
If G can be colored, then so can G, for when mis added to the colored graph G, the neighbors of m have at most K
1 colors among them, so afree color can always be found for m. Thisleads naturally to a stack-based (or recursive)
algorithm for coloring: We repeatedly remove (and push on a stack) nodes of degree lessthan K. Each such
samplification will decrease the degrees of other nodes, leading to more opportunity for smplification.

Spill: Suppose a some point during smplification the graph G has nodes only of significant degree, that is, nodes
of degree K . Thenthe simplify heuristic fails, and we mark some node for spilling. That is, we choose some nodein
the graph (standing for atemporary variable in the program) and decide to represent it in memory, not registers,
during program execution. An optimistic gpproximation to the effect of spilling isthat the spilled node does not
interfere with any of the other nodes remaining in the graph. It can therefore be removed and pushed on the stack,
and the smplify process continued.

Select: We assgn colorsto nodesin the graph. Starting with the empty graph, we rebuild the origina graph by
repeatedly adding a node from the top of the stack. When we add a node to the graph, there must be a color for it,
asthe premise for removing it in the smplify phase wasthat it could aways be assigned a color provided the
remaining nodesin the graph could be successfully colored.

When potential spill node n that was pushed using the Soill heuristicis popped, there is no guarantee that it will be
colorable: 1ts neighborsin the graph may be colored with K different colors aready. In this case, we have an actual
soill. We do not assign any color, but we continue the Select phase to identify other actual spills.

But perhaps some of the neighbors are the same color, so that among them there are fewer than K colors. Then we
can color n, and it does not become an actual spill. Thistechniqueisknown as optimistic coloring.

Start over: If the Select phaseisunableto find a color for some node(s), then the program must be rewritten to
fetch them from memory just before each use, and store them back after each definition. Thus, a spilled temporary
will turn into severd new temporarieswith tiny live ranges. These will interfere with other temporariesin the graph. So
the algorithm is repeated on this rewritten program. This processiterates until simplify succeedswith no spills; in
practice, one or two iterations almost dway's suffice.



EXAMPLE

Graph 11.1 shows the interferences for asimple program. The nodes are labeled with the temporaries they represent,
and thereis an edge between two nodes if they are smultaneoudy live. For example, nodesd, k, and j are dl
connected since they are live smultaneoudy at the end of the block. Assuming that there are four registers available
on the machine, then the smplify phase can start with thenodes g, h, ¢, and f initsworking set, sncethey haveless
than four neighbors each. A color can aways be found for them if the remaining graph can be successfully colored. If
the algorithm starts by removing h and g and dl their edges, then node k becomes a candidate for removal and can
be added to thework list. Graph 11.2 remains after nodes g, h, and k have been removed. Continuing in thisfashion
apossible order in which nodes are removed is represented by the stack shown in Figure 11.3a, where the stack
grows upward.

GRAPH 11.1: Interference graph for a program. Dotted lines are not interference edges but indicate move
ingructions
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Figure 11.3: Simplification stack, and apossible coloring.

The nodes are now popped off the stack and the original graph reconstructed and colored smultaneoudy. Starting
with m, acolor is chosen arbitrarily since the graph at this point consists of a singleton node. The next node to be put
into the graphisc. The only congraint isthat it be given acolor different from m, sincethereisan edgefrommto c.
A possible assignment of colorsfor the recongtructed original graph isshown in Figure 11.3b.



4 Previous | Mext b

Team-Fly M"L'—f_:’



Team-Fly

4 Previous | Mesxt #

11.2 COALESCING

It iseasy to diminate redundant move ingructions with an interference graph. If thereisno edge in the interference
graph between the source and destination of amove ingtruction, then the move can be eliminated. The source and
degtination nodes are coal esced into a new node whose edges are the union of those of the nodes being replaced.

In principle, any pair of nodes not connected by an interference edge could be coalesced. This aggressive form of
copy propagation isvery successful at diminating move ingructions. Unfortunately, the node being introduced is more
congtrained than those being removed, asit contains aunion of edges. Thus, it is quite possible that agraph,
colorablewith K colors before coa escing, may no longer be K -colorable after reckless coalescing. Wewish to
codesce only whereit is safe to do o, that is, where the coadescing will not render the graph uncolorable. Both of
thefollowing srategies are safe:

Briggs: Nodes a and b can be coaesced if the resulting node ab will have fewer than K neighbors of significant
degree(i.e, having K edges). The codescing is guaranteed not to turn a K -colorable graph into anon-K -colorable
graph, because after the amplify phase has removed dl the inggnificantdegree nodes from the graph, the coalesced
node will be adjacent only to those neighbors that were of significant degree. Since there are fewer than K of these,
simplify can then remove the coa esced node from the graph. Thusif the origina graph was colorable, the
conservative codescing strategy does not dter the colorability of the graph.

George: Nodes a and b can be codesced if, for every neighbor t of a, either t dready interfereswith b or t isof
inggnificant degree. This codescing is safe, by the following reasoning. Let Sbe the set of inggnificant-degree
neighborsof a inthe original graph. If the codescing were not done, ssimplify could remove dl the nodesin S leaving
areduced graph GL1. If the codescing is done, then simplify can remove dl the nodesin S leaving agraph G2. But G
2 isasubgraph of G1 (the node ab in G2 corresponds to the node b in G1), and thus must be at |east as easy to
color.

These drategies are conser vative, because there are il safe situationsin which they will fail to coalesce. Thismeans
that the program may perform some unnecessary MOV E indructions - but thisis better than spilling!

Interleaving Smplification sepswith conservative cod escing eiminates most move ingructions, while still guaranteeing
not to introduce spills. The codesce, smplify, and spill procedures should be aternated until the graph isempty, as
shownin Figure 11.4.
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Figure 11.4: Graph coloring with codescing.

These are the phases of aregister alocator with codescing:

Build: Congtruct the interference graph, and categorize each node as either move-related or non-move-related. A



move-related node isonethat is either the source or destination of amove instruction.

Smplify: One a atime, remove non-move-related nodes of low (< K ) degree from the graph.

Coalesce: Perform conservative codescing on the reduced graph obtained in the smplification phase. Since the
degrees of many nodes have been reduced by simplify, the conservative strategy islikely to find many more moves
to codesce than it would have in the initia interference graph. After two nodes have been codesced (and the move
instruction deleted), if the resulting node is no longer move-related, it will be available for the next round of
amplification. Smplify and coalesce are repeated until only significant-degree or move-related nodes remain.

Freeze: If neither simplify nor coalesce applies, we look for amove-related node of low degree. We freeze the
movesinwhich thisnodeisinvolved: That is, we give up hope of coa escing those moves. This causes the node (and
perhaps other nodes related to the frozen moves) to be consdered non-move-rel ated, which should enable more
amplification. Now, ssimplify and coalesce are resumed.

Spill: If there are no low-degree nodes, we sdlect a Sgnificant-degree node for potential spilling and push it onthe
stack.

Select: Pop the entire stack, assgning colors.

Consider Graph 11.1; nodesb, ¢, d, and j are the only move-related nodes. Theinitial work list used in the smplify
phase must contain only non-moverdated nodes and congists of nodes g, h, and f. Once again, after removal of g, h,
and k we obtain Graph 11.2.

We could continue the smplification phase further; however, if weinvoke around of codescing &t this point, we
discover that ¢ and d are indeed coa esceabl e as the coal esced node has only two neighbors of significant degree: m
and b. The resulting graph isshown in Graph 11.5a, with the coalesced node labeled as c& d.

GRAF_’I_—| 11.5: () after codlescing ¢ and d; (b) after codlescing b and |.
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From Graph 11.5a we seethat it is possible to coalesce b and j aswell. Nodes b and j are adjacent to two
neighbors of sgnificant degree, namely m and e. Theresult of codescing b and j isshown in Graph 11.5b.

After codescing these two moves, there are no more move-related nodes, and therefore no more coalescing is
possible. The smplify phase can be invoked one more time to remove al the remaining nodes. A possible assgnment
of colorsisshownin Figure 11.6.
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Figure 11.6: A coloring, with coalescing, for Graph 11.1.

Some moves are neither coaesced nor frozen. Instead, they are constrained. Consider the graph X, vy, z, where (X, 2)
isthe only interference edge and there aretwo moves X yandy z Either moveisacandidate for coadescing. But
after x and y are coalesced, the remaining move xy z cannot be coal esced because of the interference edge (xy, 2).
We say thismoveis constrained, and we remove it from further consideration: It no longer causes nodesto be
treated as move-related.

SPILLING

If spilling is necessary, build and simplify must be repeated on the whole program. The smplest version of the
agorithm discards any coaescences found if build must be repeated. Then it is easy to see that coal escing does not
increase the number of spillsin any future round of build. A more efficient dgorithm preserves any coalescences
done before thefirst potential spill was discovered, but discards (uncoa esces) any coa escences done after that

point.

Coalescing of spills On amachine with many registers (> 20), there will usually be few spilled nodes. But on a
sx-register machine (such asthe Intel Pentium), there will be many spills. The front end may have generated many
temporaries, and transformations such as SSA (described in Chapter 19) may split them into many more
temporaries. If each spilled temporary livesin its own stack-frame location, then the frame may be quite large.

Even worse, there may be many move ingdructionsinvolving pairs of spilled nodes. But toimplement a b when aand
b are both spilled temporaries requires afetch-store sequence, t M[bloc]; M[aloc] t. Thisisexpensive, and aso
definesatemporary t that itself may cause other nodesto spill.

But many of the spill pairsare never live smultaneoudy. Thus, they may be graph-colored, with codescing! In fact,
because thereis no fixed limit to the number of stack-frame locations, we can coal esce aggressively, without
worrying about how many high-degree neighbors the spill nodes have. Thedgorithmisthus:

1.

Uselivenessinformation to construct the interference graph for spilled nodes.

Whilethereisany pair of noninterfering spilled nodes connected by amove instruction, coaesce them.

Use simplify and select to color the graph. Thereisno (further) spilling in this coloring; instead, simplify just



picks the lowest-degree node, and select picksthefirgt available color, without any predetermined limit on
the number of colors.

The colors correspond to activation-record locations for the spilled variables.

This should be done before generating the spill ingtructions and regenerating the register-temporary interference
graph, so asto avoid creating fetch-store sequences for coalesced moves of spilled nodes.
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11.3 PRECOLORED NODES

Some temporaries are precolored - they represent machine registers. The front end generates these when interfacing
to standard caling conventions across module boundaries, for example. For each actud register that is used for some
specific purpose, such as the frame pointer, standard-argument-1-register, standard-argument-2-register, and so on,
the Codegen or Frame module should use the particular temporary that is permanently bound to that register (see
also page 251). For any given color (that is, for any given machine register) there should be only one precolored
node of that color.

The select and coalesce operations can give an ordinary temporary the same color as a precolored register, aslong
asthey don't interfere, and in fact thisis quite common. Thus, astandard calling-convention register can be reused
insde a procedure as atemporary variable. Precolored nodes may be coa esced with other (non-precol ored) nodes
using consarvative coalescing.

For a K-register machine, therewill be K precolored nodesthat al interfere with each other. Those of the precolored
nodesthat are not used explicitly (in a parameter-passing convention, for example) will not interfere with any ordinary
(non-precolored) nodes, but amachine register used explicitly will have alive range that interfereswith any other
variablesthat happen to be live a the sametime.

We cannot simplify a precolored node - thiswould mean pulling it from the graph in the hope that we can assignit a
color later, but in fact we have no freedom about what color to assign it. And we should not spill precolored nodesto
memory, because the machine registers are by definition registers. Thus, we should treat them ashaving "infinite’
degree.

TEMPORARY COPIESOF MACHINE REGISTERS

The coloring dgorithm works by caling simplify, coalesce, and saill until only the precolored nodes remain, and
then the select phase can start adding the other nodes (and coloring them).

Because precolored nodes do not spill, the front end must be careful to keep their live ranges short. It can do this by
generating MOV E ingtructions to move values to and from precol ored nodes. For example, suppose r7isa
calee-saveregigter; itis"defined" a procedure entry and "used” at procedure exit. Instead of being keptin a
precolored register throughout the procedure (Figure 11.7a), it can be moved into afresh temporary and then moved
back (Figure 11.7b). If thereis register pressure (ahigh demand for registers) in thisfunction, t231 will spill;
otherwise t231 will be coaesced with r7 and the MOVE ingructions will be diminated.
enter: defirs) enter:  defir)
f13] = 7
() ()
e = 3%

exit uselry) exit:  uselry)

Figure 11.7: Moving a callee-save register to afresh temporary.



CALLER-SAVE AND CALLEE-SAVE REGISTERS

A local variable or compiler temporary that is not live across any procedure call should usudly be allocated to a
caler-save register, because in this case no saving and restoring of the register will be necessary at dl. On the other
hand, any variablethat islive across severa procedure calls should be kept in a calee-save register, since then only
one savefrestore will be necessary (on entry/exit from the calling procedure).

How can the register alocator alocate variablesto registers using this criterion? Fortunately, a graph-coloring
alocator can do this very naturdly, as abyproduct of ordinary coadescing and spilling. All the callee-save registers
are consdered live on entry to the procedure, and are used by thereturn ingtruction. The CALL ingructionsin the
Assem language have been annotated to define (interfere with) dl the caller-save registers. If avariableisnot live
across aprocedure call, it will tend to be alocated to a caller-save register.

If avaridble x islive across aprocedure cdl, then it interferes with al the caller-save (precolored) registers, and it
interfereswith al the new temporaries (such as t231 in Figure 11.7) created for callee-save registers. Thus, aspill
will occur. Using the common spill-cost heurigtic that spills anode with high degree but few uses, the node chosen for
spilling will not be x but t231. Since t231 isspilled, r7 will be avalablefor coloring x (or some other variable).
Essentially, the callee savesthe callee-save register by spilling t231.

EXAMPLE WITH PRECOLORED NODES

A worked example will illusirate the issues of register alocation with precolored nodes, callee-save registers, and
Filling.

A C compiler iscompiling Program 11.8a for atarget machine with three registers; r1 and r2 are caller-save, and r3
is callee-save. The code generator has therefore made arrangements to preserve the value of r3 explicitly, by copying
it into the temporary ¢ and back again.

PROGRAM 11.8: A C function and itstrand ation into instructions

enler: ¢

i = r
int fiint a, int b} | bo—r
int d=0; d =
int e=a: ¢ o
de {d = dsh; 4
e o= oee1; loop: o —d+ b
| while (&»D); e —e—1
return d; if e = 0 poto loop
b i o—d
Fy+—c
return try.ry five oun)

(ak ilx)

Theingtruction-selection phase has produced the indruction list of Program 11.8b. The interference graph for this
functionisshown at right.



The register dlocation proceeds asfollows (with K = 3):

1.

Node

rj

In thisgraph, thereis no opportunity for ssimplify or O

freeze (because dl the non-precolored nodes have

degree K). Any attempt to coalesce would produce

a coalesced node adjacent to K or more

significant-degree nodes. Therefore we must spill
some node. We calculate spill priorities asfollows:
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We can now coaesce a and e, Sncetheresulting 1. L —
node will be adjacent to fewer than K o v
significant-degree nodes (after coaescing, node d will
be low-degree, though it is significant-degree right
now). No other simplify or coalesce is possible now.

Now we could coalesce ae&r1 or coalesce b&r2. e ae
L et us do the latter.

We can now coaesce either ae&r1 or coalesce d&r
1. Let usdo the former.

We cannot now coa esce r lae& d because the move
iscongtrained: The nodes rlae and d intefere. We
must simplify d.

Now we have reached a graph with only precolored
nodes, so we pop nodes from the stack and assign
colorsto them. First we pick d, which can be
assigned color r3. Nodes a, b, and e have dready
been assigned colors by coaescing. But node c,
which was a potential spill, turnsinto an actual spill
when it is popped from the stack, Since no color can
be found for it.

enter: ¢y < rj

M[cloe] < c1
) e . il —r
Sincetherewas spilling in thisround, we must rewrite b o
the program to include spill instructions. For each use d 0
(or définition) of ¢, we make up anew temporary, g g
and fetch (or store) it immediately beforehand (or loop: d «—d+b
afterward). e —e—|
iffe = 0 goto loop
ro—d

ez — Mlciee]
ry < €

return

n _ .
Now we build anew interference graph: \ / \/ / \

'f.“!l—_rl
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Graph-coloring proceeds as follows. We can ra’j N \\1 N
immediately coalesoe c18 r3 and then c2& 3. T T
10. |'3‘-'|L‘:ff'l,a'r\b
./ \\
Then, as before, we can coalesce a& e and then b&r e ap 4
11. ric|c: r:b
|
!
As before, we can codesce ae& r1 and then smplify rjac
d.
12.
Now we start popping from the stack: We select Node Color
color r3for d, and thiswas the only node on the
stack - al other nodes were coalesced or
precolored. The coloring is shown &t right. a 1
b r2
C r3
d r3
e ri
13. enter: ry < 1
Mlcioe] =13
Now we can rewrite the program using the register :: -l :1
assgnment. ry =0
Iy «—nr
loop:  ry < ra 4+
'y~ r— |
ifr) = 0 goto loop
'+
ry «— Mlt1ec]
ry «—ry
return
14. enter:  Mcloe] — 1
ry =1

Findly, we can delete any moveingructionwhose 129 :: - ‘:: ’I‘ * ’I':

source and destination are the same; these are the if 7 > 0 goto loop
result of coaescing. ry —r3
ry < Mlcp]
return

Thefind program has only one uncoa esced move ingtruction.
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11.4 GRAPH-COLORING IMPLEMENTATION

The graph-coloring agorithm needs to query the interference-graph data structure frequently. There are two kinds of
Queries

1.

Get dl the nodes adjacent to node X; and

Tdlif X and Y are adjacent.

An adjacency list (per node) can answer query 1 quickly, but not query 2 if thelistisarelong. A two-dimensional bit
meatrix indexed by node numbers can answer query 2 quickly, but not query 1. Therefore, we need both data
sructuresto (redundantly) represent the interference graph. If the graph isvery sparse, ahash table of integer pairs
may be better than abit matrix.

The adjacency lists of machine registers (precol ored nodes) can be very large; because they're used in sandard
cdling conventions, they interfere with any temporaries that happen to belive near any of the procedure-callsin the
program. But we don't need to represent the adjacency list for a precolored node, because adjacency lists are used
only inthe select phase (which does not apply to precolored nodes) and in the Briggs coa escing test. To save space
and time, we do not explicitly represent the adjacency lists of the machine registers. We coadesce an ordinary node a
with amachineregister r using the George coa escing test, which needs the adjacency list of a but not of r.

To test whether two ordinary (non-precolored) nodes can be coa esced, the algorithm shown here uses the Briggs
codescing test.

Associated with each move-related node is a count of the movesit isinvolved in. Thiscount iseasy to maintain and is
used to test if anodeisno longer move-related. Associated with al nodesis acount of the number of neighbors
currently in the graph. Thisis used to determine whether anodeis of Sgnificant degree during coalescing, and
whether anode can be removed from the graph during smplification.

It isimportant to be able to quickly perform each simplify step (removing alow-degree non-move-related node),
each coalesce step, and each freeze step. To do this, we maintain four work lists:

L ow-degree non-move-related nodes (simplifyWorklist);

Move ingtructions that might be coal esceable (worklistMoves);



L ow-degree move-related nodes (freezeWorklist);

High-degree nodes (spillWorklist).

Using these work lists, we avoid quadratic time blowup in finding coal esceable nodes.

DATA STRUCTURES

The agorithm maintains these data structures to keep track of graph nodes and move edges.

Nodework lists, sets, and stacks Thefollowing lists and sets are dways mutually digoint and every nodeis
awaysin exactly oneof the setsor ligts.

precolored: machineregisters, preassigned a color.

initial: temporary registers, not precolored and not yet processed.

smplifyWorklist: list of low-degree non-move-related nodes.

freezeWorklist: low-degree move-related nodes.

spillWorklist: high-degree nodes.

spilledNodes: nodes marked for spilling during thisround:; initidly empty.

coalescedNodes: regigtersthat have been coadesced; when u v iscoaesced, v isadded to thisset and u
put back on somework list (or vice versa).

coloredNodes: nodes successfully colored.



selectStack: stack containing temporaries removed from the graph.

Since membership in these setsis often tested, the representation of each node should contain an enumeration value
telling which set it isin. Since nodes must frequently be added to and removed from these sets, each set can be
represented by adoubly linked list of nodes. Initidly (on entry to Main), and on exiting RewriteProgram, only the sets
precolored and initial are nonempty.

M ove sets There arefive sets of moveingructions, and every moveisin exactly one of these sets (after Build
through the end of Main).

coalescedM oves: moves that have been coa esced.

constrainedM oves. moves whose source and target interfere.

frozenM oves: movesthat will no longer be considered for coaescing.

wor klistM oves. moves enabled for possible coaescing.

activeM oves: moves not yet ready for coalescing.

Like the node work lists, the move sets should be implemented as doubly linked lists, with each move containing an
enumeration vaue identifying which set it belongsto.

When anode x changes from significant to low-degree, the moves associated with its neighbors must be added to the
move work list. Movesthat were blocked with too many significant neighbors might now be enabled for coalescing.

Other data structures.

adj Set: the set of interference edges (u, v) inthegraph; if (u, v) 2 adjSet, then (v, u) adjSet.

adjList: adjacency list representation of the graph; for each non-precolored temporary u, adjList[u] isthe
st of nodesthat interfere with u.



degree: an array containing the current degree of each node.

movel ist: amapping from anodeto thelist of movesit is associated with.

alias. when amove (u, v) has been codesced, and v put in coalescedNodes, then dias(v) = u.

color: the color chosen by the agorithm for anode; for precolored nodesthisisinitialized to the given color.

INVARIANTS

After Build, thefollowing invariants dways hold:

(€ simplifyWorklist U freezeWorklist U spillWorklist) =
degree(n) = |adjList(1)N {precolored U simplify Worklist

Degreeinvariant U freezeWorklist U spillWorklist)|

Smplify worklist invariant Either u has been selected for spilling, or
(v = simplifyWorklisty =
degree(u) = K » moveList{u] N (activeMoves U worklistMoves) = {}

i £ freezeWorklist) =
Freezeworklist invariant degree(n) = K ~ moveList[a] M (activeMoves U worklistMoves) £ {}

Spill workligt invariant. (1 < spillWorklisty = degree(n) = K

PROGRAM CODE

The dgorithm isinvoked using the procedure Main, which loops (viatail recursion) until no spills are generated.

procedure Main()

Li venessAnal ysi s()

Bui | d() MakeWorklist ()

r epeat
if sinmplifyWwrkli st {} then Sinplify()
else i f worklistMves {} then Coal esce()
else if freezeWrkli st {} then Freeze()
else if spillWrklist {} then SelectSpill ()

until sinplifyWrklist = {} wor Kkl i st Moves = {}

freezeWorklist = {} spil lWorklist = {}

Assi gnCol or s()

if spill edNodes {} then
Rewri t eProgran(spil | edNodes)
Mai n()



If AssignColors saills, then RewriteProgram alocates memory locationsfor the spilled temporaries and inserts store
and fetch ingtructions to access them. These stores and fetches are to newly created temporaries (with tiny live
ranges), so the main loop must be performed on the atered graph.

procedure Build ()
forall b bl ocks in program

let live = liveQut(b)
forall | instructions(b) in reverse order
if isMovelnstruction(l) then
live liveluse(l

forall n def(l) use( 1)
noveli st [ n] noveli st [ n] {1}
wor kl i st Moves  worklistMves {1}
live live def (1)
forall d def(l)
forall | live
AddEdge( !, d)
live use(l) (livel/def(l))

Procedure Build congtructs the interference graph (and bit matrix) using the results of gatic livenessandysis, and dso
initidizesthe wor klistMoves to contain dl the moves in the program.

procedure AddEdge(u, V)
if ((u, v) adj Set) (u V) then

adj Set adjSet [(u, V), (v, W]

if u precol ored then
adj Li st [ u] adj Li st[ u] {v}
degree[ U] degree[u] + 1

if v precol ored then
adj Li st [ V] adj Li st[ V] {u}
degree[ V] degree[Vv] + 1

procedure MakeWorkli st ()
forall n initial

initial initial / {n}

i f degree[ N K t hen
spi | I Vorkli st spi | I Workl i st {n}

else if MoyveRel ated(n) then
freezeWbrkli st freezeWbrkli st {n}

el se
sinplifyWrklist sinplifyWorklist {n}

function Adjacent(n)
adj List[n] / (selectStack coal escedNodes)

function NodeMoves (n)
noveli st[ N (activeMoves wor kl i st Moves)

functi on MoveRel at ed( n)
NodeMoves( n) {}

procedure Sinplify()
let n simplifyWorkli st
sinplifyWrklist sinplifyWrklist / {n}
push(n, sel ect Stack)
forall m Adjacent(n)
Decr enent Degree( M



Removing anode from the graph involves decrementing the degree of its current neighbors. If the degree of a
neighbor isaready lessthan K 1, then the neighbor must be move-related, and is not added to the smplifyWorklist.
When the degree of aneighbor trangtionsfrom K to K 1, moves associated with its neighbors may be enabled.

procedure Decrenent Degree(m
let d = degree[n
degree[ N d-1
if d=Kthen
Enabl eMoves({ n Adj acent (M)
spil 1 Worklist spil lWorklist / {n}
if MoveRel ated( M then
freezeWdrkli st freezeWdrkli st {m
el se
simplifyWorkli st simplifyWorkli st {m

pr ocedur e Enabl eMoves(nodes)
forall n nodes
forall m NodeMwves(n)
if m activeMuwves then
activeMves activeMves [/ {m
wor kl i st Moves workl i st Moves {m

Only movesin the worklistMoves are considered in the coal esce phase. When amoveis coalesced, it may no longer
be move-related and can be added to the smplify work list by the procedure AddWorkList. OK implementsthe
heuristic used for coaescing a precolored register. Conservative implements the conservative coaescing heuristic.

procedure AddWor kLi st (u)
if (u precol ored not ( MoveRel at ed( u)) degree[ U] < K) then
freezeWsrkli st freezeWorklist / {u}
simplifyWworklist simplifyWorklist {u}

function COK(t, r)
degree[t] < K t precol or ed (t, n) adj Set

function Conservative(nodes)

let kK =0

forall n nodes
i f degree[n] K then k k +1

return (k < K)

procedure Coal esce()

l et m=copy(X, VY)) wor kl i st Mbves

X Get Al'i as( x)

y Get Alias(y)

ify precol ored then
let (U, v) =(y, X)

el se
let (U, V) = (X, ¥)

wor kl i st Mbves wor kl i st Moves / {1}

if (u=vVv) then
coal escedMbves coal escedMbves {m
AddWor kLi st (u)

elseif v pr ecol ored (u, v) adj Set then
constrai nedMoves const r ai nedMoves {m
AddWor kLi st (u)
AddWor kLi st (V)

elseif u pr ecol ored (t Adj acent (v, OK(t, u/)



u precol ored
Conservati ve( Adj acent (u) Adj acent (V) then
coal escedMbves coal escedMbves {m
Conbi ne(u, V)
AddWor kLi st (u)
el se
acti veMbves acti veMves {m
procedure Conbi ne(u, V)
if v freezeWrklist then
freezeWdrklist freezeWorklist / {Vv}
el se
spi | I Vorkli st spil I VWorklist / {v}
coal escedNodes coal escedNodes {v}
al i as[ v] u
nmoveli st [ U] noveLi st [ u] noveLi st[ V]
Enabl eMoves( V)
forall t Adj acent (V)
AddEdge(t, u)
Decr enent Degree(t)
i f degree[ U] K u freezeWrKkLi st
freezeWrkLi st freezeWrkLi st / {u}
spi | I Wr kLi st spi | | Wor kLi st {u}
function GetAlias (n)
if n coal escedNodes then
CGet Alias(alias[n])
else n

procedure Freeze()
let u freezeWsrkl i st
freezeWrkli st freezeWorklist / {u}
simplifywWorklist simplifyWorkli st {u}
FreezeMoves( U)

procedure FreezeMves(U)
forall m(=copy(x, VY)) NodeMoves( U)

if GetAlias(y)=CGetAlias(u) then
v Get Al'i as( x)

el se
v GetAlias(y)

acti veMbves activehMwves / {m

frozenhves frozenMves {m

if v freezeWsrkli st NodeMoves(V) = {} then
freezeWbrkli st freezeWorklist / {v}
sinplifyWrklist sinplifyWrklist {Vv}

procedure SelectSpill()
let m spillwrklist selected using favorite heuristic
Not e: avoid choosing nodes that are the tiny live ranges
resulting fromthe fetches of previously spilled registers
spi | I Vorkli st spillVworklist / {m
simplifywWorklist simplifyWorkli st {m
FreezeMoves(m
procedure Assi gnCol ors()
whil e Sel ect Stack not enmpty
let n = pop(Sel ect Stack)
okCol ors {0, ..., K- 1}
forall w adjList[n]
if GetAlias(w (col or edNodes precol ored) then
okCol ors okColors / {color[GetAlias(W]}
if okColors Dfg then
spi | | edNodes spi | | edNodes {n}
el se



col or edNodes col or edNodes {n}
let ¢C okCol ors
color[n] c
forall n coal escedNodes
col or[ n] color[CetAlias(n)]

procedure RewiteProgram()
Al'l ocate nenory | ocations for each v  spill edNodes,
Create a new tenporary Vi for each definition and each use,
In the program (instructions), insert a store after each
definition of a vi, a fetch before each use of a vi.
Put all the vi into a set newTenps.
spi | | edNodes {}

initial col or edNodes coal escedNodes newTenps
col or edNodes {}
coal escedNodes {}

We show avariant of the dgorithm in which al codesces are discarded if the program must be rewritten to
incorporate spill fetches and stores. For afaster algorithm, keep all the coalesces found before thefirst call to
SdlectSpill and rewrite the program to eliminate the coalesced move ingtructions and temporaries.

In principle, aheuristic could be used to sdlect the freeze node; the Freeze shown above picks an arbitrary node
from the freeze work list. But freezes are not common, and asdection heuristic is unlikely to make asignificant
difference.
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11.5REGISTER ALLOCATION FOR TREES

Regigter alocation for expresson treesis much smpler than for arbitrary flow graphs. We do not need global
dataflow analysis or interference graphs. Suppose we have atiled tree such asin Figure 9.2a. Thistree hastwo
trivial tiles, the TEMP nodes fp and i, which we assume are dready in registers rfp and ri . Wewish to label the
roots of the nontrivid tiles (the ones corresponding to ingtructions, i.e., 2, 4, 5, 6, 8) with registersfromthelist r1, r2,
, rk.

Algorithm 11.9 traverses the tree in postorder, assigning aregister to the root of each tile. With n initialized to zero,
thisagorithm gpplied to theroot (tile 9) producesthe dlocation {tile2 rl, tiled r2,tile5 r2,tile6 r1,tile8 r2,tiled r
1}. The dgorithm can be combined with Maxima Munch, since both agorithms are doing the same bottom-up
traversal.

ALGORITHM 11.9: Smple register dlocation on trees.

ion SinpleAloc(t)

or each nontrivial tile uthat is a child of t
Si npl eAl | oc( U)

for each nontrivial tile uthat is a child of t
n n-1

n n+ 1

assign rn to hold the value at the root of t

But thisagorithm will not alwayslead to an optimal alocation. Consder the following tree, where eech tileis shown
asasingle node:

¥

MERMINAME a) *
MEM{MNAMLE b MEM(MAME c)

The SmpleAlloc function will use three registersfor this expression (as shown at left on the next page), but by
reordering the instructions we can do the computation using only two registers (as shown at right):

rl Ma] rl Mib]
r2 Mlb] r2 Mic]
r3 Mic] rlrlxr2

r2 r2xr3 r2 M[a]



rt ri+r2 ri r2+rl

Using dynamic programming, we can find the optimal ordering for the indtructions. Theideaisto labd eachtilewith
the number of registersit needs during its evaluation. Suppose atile t hastwo nontrivia children uleft and uright thet
require n and m registers, respectively, for their evauation. If we evauate uleft firgt, and hold itsresult in oneregister
while we evauate uright, then we have needed max(n, 1 + m) registers for the whole expression rooted at t.
Conversdy, if we evauate uright firgt, then we need max(1 + n, m) registers. Clearly, if n> m, we should evauate u
left firgt, and if n < m, we should evaluate uright firdt. If n=m, wewill need n + 1 registers no matter which
subexpresson isevaluated fird.

Algorithm 11.10 labeseach tile t with need[t], the number of registers needed to evaluate the subtree rooted at t. It
can be generalized to handletiles with more than two children. Maxima Munch should identify - but not emit - the
tiles, smultaneoudy with thelabeling of Algorithm 11.10. The next pass emits Assem ingructionsfor thetiles;
wherever atile has more than one child, the subtrees must be emitted in decreasing order of register need.

ALGORITHM 11.10: Sethi-Ullman labeling dgorithm.

ion Label (1)
or each tile uthat is a child of t
Label (u)
if t is trivial
then need[t] 0
else if t has two children, uleft and uright
then if need[uleft] = need[uright]
then need[t] 1 + need[ul eft]
el se need[t] max(1, need[uleft], need[uright])
else if t has one child, u
then need[t] max(1, need[u]
else if t has no children
then need[t] 1

Algorithm 11.10 can profitably be used in acompiler that uses graph-coloring register dlocation. Emitting the
subtreesin decreasing order of need will minimize the number of Smultaneoudy live temporaries and reduce the
number of spills.

In acompiler without graph-coloring register dlocation, Algorithm 11.10 isused as a pre-passto Algorithm 11.11,
which assgnsregisters as the trees are emitted and a so handles spilling cleanly. Thistakes care of register dlocation
for theinternal nodes of expression trees, adlocating registersfor explicit TEM Psofthe Tree language would haveto
be done in some other way. In general, such acompiler would keep dmost al program variablesin the stack frame,
s0 there would not be many of these explicit TEMPsto alocate.

ALGORITHM 11.11: Sethi-Ullman register dlocation for trees.

ion SethiUlmn(t, n)
It t has two children, uleft and uright
if need[uleft] K need[uright] K
Set hi U | man( uri ght, 0)

n n-1

spill: emt instruction to store reg[uright]

Sethi Ul man(ul eft, 0)

unspill: reg[uright] "rl1"; emt instruction to fetch reg[uright]

else if need[uleft] need[ uri ght]



Set hi U | man( ul eft, n)
Sethi U | man(uright, n + 1)
el se need[ul eft] < need[uright]
Set hi U | man( uright, n)
Set hi Ul man( ul eft, n)
reg[t] "rn"
emt OPER(instruction[t], reg[t], [ reg[uleft], reg[uright]])
else if t has one child, u
Set hi U | man( u, n)
regt] "rn"
emt OPER(instruction[t], reg[t], [reg[u]])
elseif t is nontrivial but has no children
reg[t] "rn"
emit OPER(instruction[t], reg[t], [])
elseif t is a trivial node TEMP(ri)
regt] it
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PROGRAM GRAPH COLORING

Implement graph-coloring register dlocation as two modules: Color, which doesjust the graph coloring itself, and
RegAlloc, which manages spilling and calls upon Color as a subroutine. To keep things smple, do not implement
spilling or codescing; thissmplifies the dgorithm consderably.

package RegAl |l oc;

public class RegAlloc inplenents Tenp. TenpMap {
public Assem InstrList instrs;
public String tenpMap(Tenp tenp);
public RegAl | oc(Franme. Frame f, AssemInstrList il);

}

class Col or inplenments TenmpMap {
public TenpList spills();
public String tenpMap(Tenp t);
public Color(lnterferenceG aph ig,
TenmpMap initial,
TenpLi st registers);

Given an interference graph, an initia alocation (precoloring) of some temporariesimposed by caling conventions,
and aligt of colors (registers), color produces an extension of theinitid alocation. The resulting alocation assgnsall
temps used in the flow graph, making use of registersfrom the registerslist.

Theinitid alocation isthe frame (which implements a TempMap describing precolored temporaries); the registers
argument isjust theligt of al machine registers, Frame.registers (see page 251). Theregigtersintheinitid alocation
can aso appear in the registers argument to Color, sinceit's OK to use them to color other nodes aswell.

Theresult of ColorisaTempMap (that is, Color implements TempMap) describing the register dlocation, long with
alig of spills. Theresult of RegAlloc - if there were no spills- isan identical TempMap, which can beusedin fina
assembly-code emission as an argument to Assem.format.

A better Color interface would have a 5pill Cost argument that specifies the spilling cost of each temporary. Thiscan
be just the number of uses and defs, or better yet, uses and defs weighted by occurrence in loops and nested loops.
A naive spillCost that just returns 1 for every temporary will dso work.

A smpleimplementation of the coloring agorithm without coalescing requires only onework list: the smplifyWorklist,
which contains al non-precolored, nonsmplified nodes of degreelessthan K . Obvioudy, no freezéWorklist is
necessary. No spillWorkligt is necessary either, if we are willing to look through al the nodesin the origind graph for
aspill candidate every time the smplifyWorklist becomes empty.

With only asmplifyWorkligt, the doubly linked representation is not necessary: Thiswork list can beimplemented as
asngly linked list or astack, sinceit is never accessed "in the middle.”



ADVANCED PROJECT: SPILLING

Implement spilling, so that no matter how many parameters and locals aMiniJava program has, you can still compile
it.

ADVANCED PROJECT: COALESCING

Implement codescing, to eiminate practicaly al the MOV E ingructions from the program.
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FURTHER READING

Kempe[1879] invented the smplification agorithm that colors graphs by removing vertices of degree < K. Chaitin
[1982] formulated register alocation as a graph-coloring problem - using Kempe's algorithm to color the graph - and
performed copy propagation by (nonconservatively) codescing nonin- terfering move-rel ated nodes before coloring
the graph. Briggs et d. [1994] improved the agorithm with the idea of optimistic spilling, and also avoided
introducing spills by using the conservative codescing heuristic before coloring the graph. George and Appel [1996]
found that there are more opportunities for coalescing if conservetive codescing is done during smplification instead
of beforehand, and developed the work-list dgorithm presented in this chapter.

Ershov [1958] developed the algorithm for optima register alocation on expression trees; Sethi and Ullman [1970]
generdized this dgorithm and showed how it should handle saills.
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EXERCISES

11.1 Thefollowing program has been compiled for amachine with threeregistersr1, r2, r3; rland r2 are
(caler-save) argument registers and r3 is a callee-save register. Construct the interference graph and show
the steps of the register allocation processin detail, as on pages 229 232. When you coal esce two nodes,
say whether you are using the Briggs or George criterion.

Hint: When two nodes are connected by an interference edge andamove edge, you may delete the move
edge; thisiscalled constrain and is accomplished by thefirst elseif clause of procedure Coalesce.
IR o
po=n
il p="0golo L
ri «— M[p]
call f fuses ry, defines ry, ra)
A el
rpo— Mp+ 4]
call f fiixes ry, defines ., o)
I —r
N o — 841
golo L
L1 0w —1
Ly r —w
ry «— ¢

returm flises vy, ry)

11.2 Thetable below represents aregister-interference graph. Nodes 1 6 are precolored (with colors 1 6),
and nodes A H are ordinary (non-precolored). Every pair of precolored nodes interferes, and each ordinary
node interferes with nodes where thereisan x in the table.

1 2 3 456 ABCDEFIGH
Alx x X x X X
B | x X X X
C X X X X X XX X
D] x X X X X X X X
E | x X X X X XXX
Flx X X X X X X x X
G X X X X
H|x X X X X X X X

Thefollowing pairs of nodes are related by MOVE ingructions:
(A,3) (H.3) (G, 3) (B.2) (C, 1) (D.6) (E.4) (F, 5)

Assume that register dlocation must be donefor an 8-register machine.

(0]

a Ignoring the MOVE ingtructions, and without using the coal esce heurigtic, color thisgraph using



simplify and spill. Record the sequence (stack) of simplify and potential-spill decisions, show which
potentia spills become actua spills, and show the coloring that results.

b. Color this graph using coalescing. Record the sequence of simplify, coal esce, freeze, and spill
decisons. Identify each coalesce as Briggs- or George-style. Show how many MOVE ingructions
remain.

*¢. Another codescing heuristic isbiased coloring. Instead of using a conser vative coal escing heuristic
during smplification, run the simplify-spill part of the agorithm asin part (), but in the selectpart of the
agorithm,

When sdlecting acolor for node X that ismove-related to node Y, when acolor for Y has aready
been sdected, use the same color if possible (to eiminate the MOVE).

When sdlecting acolor for node X that is move-related to node Y, when acolor for Y has not yet
been selected, use acolor that is not the same asthe color of any of Y'sneighbors (to increase the
chance of heurigtic (i) working when Y is colored).

Consarvative codescing (in the simplify phase) has been found to be more effective than biased coloring,
in generd; but it might not be on this particular graph. Since the two coaescing dgorithmsareused in
different phases, they can both be used in the same register alocator.

*d. Use both conservative coaescing and biased coloring in dlocating registers. Show where biased
coloring hel ps make the right decisons.

11.3 Conservative coalescing is 0 caled because it will not introduce any (potential) spills. But can it avoid
spills? Consider this graph, where the solid edges represent interferences and the dashed edge represents a
MOVE:

4-color the graph without coalescing. Show the select-stack, indicating the order in which you removed
nodes. Isthere a potentia spill? Isthere an actud spill?
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4-color the graph with conservetive codescing. Did you use the Briggs or George criterion? IStherea
potentia spill? Isthere an actud spill?

11.4 1t has been proposed that the conservative coaescing heuristic could be smplified. In testing whether
MOVE(a, b) can be coalesced, instead of asking whether the combined node ab is adjacent to < K nodes of
sgnificant degree, we could smply test whether ab is adjacent to < K nodes of any degree. The theory isthat
if ab is adjacent to many low-degree nodes, they will be removed by smplification anyway.

a.

Show that thiskind of coaescing cannot create any new potentia spills.

Demonstrate thed gorlthm onthis grqoh (with K =3):

*Show that thistest isless effective than standard conservative coaescing.

Hint: Usethe graph of Exercise 11.3, with K = 4.

4 Previous | Mext b
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Chapter 12: Putting It All
Together

de-bug: to diminate errorsin or mafunctions of

Webgter's Dictionary
OVERVIEW

Chapters 2-11 have described the fundamenta components of agood compiler: a front end, which doeslexica
analysis, parsing, congtruction of abstract syntax, type-checking, and trandation to intermediate code; and a back end
, which does ingtruction selection, dataflow analysis, and register dlocation.

Wheat lessons have we learned? We hope that the reader has learned about the algorithms used in different
components of acompiler and the interfaces used to connect the components. But the authors have also learned quite
abit from theexercise.

Our goa wasto describe agood compiler that is, to use Eingtein's phrase, "as ssimple as possible - but no smpler.”
wewill now discuss the thorny issuesthat arose in designing the MiniJava compiler.

Structured I-values Java (and MiniJava) have no record or array variables, as C, C++, and Pasca do. Instead, all
object and array vaues areredly just pointers to hegp-allocated data. |mplementing structured I-values requires
some care but not too many new insghts.

Treeintermediate representation The Treelanguage has afundamental flaw: It does not describe procedure entry
and exit. These are handled by opague procedures insde the Frame module that generate Tree code. This means
that a program trandated to Trees using, for example, the Pentium-Frame version of Frame will be different from the
same program trandated using SparcFrame - the Tree representation is not completely machine-independent.

Also, thereis not enough information in the trees themsalves to S mulate the execution of an entire program, sncethe
view shift (page 128) is partly done implicitly by procedure prologues and epilogues that are not represented as
Trees. Consequently, thereis not enough information to do whole-program optimization (across function boundaries).

The Tree representation isa low-level intermediate representation, useful for instruction sdection and intraprocedurd



optimization. A high-level intermediate representation would preserve more of the source-program semantics,
including the notions of nested functions (if applicable), nonlocal variables, object crestion (as distinguished from an
opague externa function cal), and so on. Such a representation would be more tied to a particular family of source
languages than the generd -purpose Tree language is.

Register allocation Graph-coloring register dlocation iswidely used in real compilers, but doesit belongina
compiler that is supposed to be "as smple as possble’? After all, it requiresthe use of globa dataflow (liveness)
anadysis, congruction of interference graphs, and so on. This makes the back end of the compiler sgnificantly bigger.

It isingructiveto consder what the MiniJava compiler would be like without it. We could keep dl locd variablesin
the stack frame, fetching them into temporaries only when they are used as operands of instructions. The redundant
loadswithin asingle basic block can be iminated by asmpleintrablock liveness andyss. Internad nodes of Tree
expressions could be assgned registersusing Algorithms 11.10 and 11.9. But other parts of the compiler would
become much uglier: The TEMPsintroduced in canonicaizing the trees (eliminating ESEQs) would have to be dedlt
with in an ad hoc way, by augmenting the Tree language with an operator that provides explicit scope for temporary
variables, the Frame interface, which mentions registersin many places, would now haveto ded with them in more
complicated ways. To be ableto create arbitrarily many temps and moves, and rely on the register alocator to clean
them up, greatly smplifies procedure-caling sequences and code generation.

- . A Previous | Mext k
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PROGRAM PROCEDURE ENTRY/EXIT

Implement the rest of the Frame module, which contains al the machine-dependent parts of the compiler: register
sets, caling sequences, and activation record (frame) layout.

Program 12.1 shows the Frame class. Mogt of thisinterface has been described € sewhere. What remainsis

PROGRAM 12.1: Package Frame.

ge Frane;
I t Tenp. Tenp;

public abstract class Frame inplements Tenp. TenpMap {

abstract public Tenp RV(); (see p. 157)

abstract public Tenp FP(); (p. 143)

abstract public Tenp. TenplList registers();

abstract public String tenpMap(Tenp tenp);

abstract public int wordSize(); (p. 143)

abstract public Tree. Exp external Call (String func, Tree. ExpList args); (p. 153)
abstract public Frame newkranme(Tenp. Label nane,

Util.Bool List formals); (p. 127)
public AccessList formals; (p. 128)
public Tenp. Label nane; (p. 127)
abstract public Access allocLocal (bool ean escape); (p. 129)
abstract public Tree.Stm procEntryExit1(Tree. St m body); (p. 251)

abstract public Assem InstrList procEntryExit2(AssemInstrList body); (p. 199)
abstract public Proc procEntryExit3(Assem InstrList body);
abstract public AssemInstrlList codegen(Tree.Stmstn; (p. 196)

}

registers A list of al the register names on the machine, which can be used as"colors' for register alocation.

tempMap For each machine register, the Frame module maintains a particular Temp that serves asthe
"precolored temporary” that stands for the register. These temps appear in the Assem ingtructions generated
from CALL nodes, in procedure entry sequences generated by procEntryExit1, and so on. The tempMap
tellsthe "color" of each of these precolored temps.

procEntryExit1 For each incoming register parameter, move it to the place from which it is seen from within
the function. This could be afresh temporary. One good way to handle thisisfor newFrameto create a
sequence of Tree MOVE statements asit creates al the forma parameter "accesses.” newFrame can put this
into the frame data structure, and procEntryExit1 can just concatenate it onto the procedure body.
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Also concat enated to the body are statements for saving and restoring of callee-save registers (including the
return-addressregister). If your register alocator does not implement spilling, dl the callee-save (and
return-address) registers should be written to the frame at the beginning of the procedure body and fetched
back afterward. Therefore, procEntryExitl should call allocLocal for each register to be saved, and generate
Tree MOVE ingtructions to save and restore the registers. With luck, saving and restoring the callee-save
registerswill give the register dlocator enough headroom to work with, so that some nontrivia programs can
be compiled. Of course, some programs just cannot be compiled without spilling.

If your register dlocator implements spilling, then the callee-save registers should not aways be written to the
frame. Instead, if the register allocator needs the space, it may choose to spill only some of the callee-save
registers. But "precolored” temporaries are never pilled; so procEntryExitl should make up new
temporariesfor each callee-save (and return-address) register. On entry, it should move al theseregistersto
their new temporary locations, and on exit, it should move them back. Of course, these moves (for nonspilled
registers) will be eliminated by register codescing, so they cost nothing.

procEntryExit3 Creates the procedure prologue and epilogue assembly language. First (for some machines)
it calculates the Sze of the outgoing parameter space intheframe. Thisisequa to the maximum number of
outgoing parameters of any CALL ingtruction in the procedure body. Unfortunately, after converson to
Assem trees the procedure calls have been separated from their arguments, so the outgoing parameters are
not obvious. Either procEntryExit2 should scan the body and record this information in some new component
of theframetype, or procEntryExit3 should use the maximum legdl vaue.

Oncethisisknown, the assembly language for procedure entry, stackpointer adjustment, and procedure exit
can be put together; these are the prologue and epilogue.

A Previous | Mext k
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PROGRAM MAKING IT WORK

Make your compiler generate working code that runs.

Thefile SMINIJAVA/chgpl2/runtime.c isa C-language file containing severd externd functions useful to your
MiniJava program. These are generdly reached by externa Cal from code generated by your compiler. Y ou may
modify this as necessary.

Writeamodule Main that calls on dl the other modules to produce an assembly language file prog.sfor each input
program prog.java. This assembly language program should be assembled (producing prog.o) and linked with
runtime.o to produce an executablefile.

Programming projects

After your MiniJavacompiler isdone, here are someideas for further work:

12.1 Write agarbage collector (in C) for your MiniJavacompiler. Y ou will need to make some modifications
to the compiler itself to add descriptors to records and stack frames (see Chapter 13).

12.2 Implement inner classesis MiniJava

12.3 Implement dataflow andyses such as reaching definitions and available expressions and use them to
implement some of the optimizations discussed in Chapter 17.

12.4 Figure out other approaches to improving the assembly language generated by your compiler. Discuss,
perhapsimplement.

12.5 Implement ingtruction scheduling to fill branch-delay and load-delay dotsin the assembly language (for a
machine such asthe Sparc). Or discuss how such amodule could be integrated into the existing compiler;
what interfaces would have to change, and in what ways?

12.6 Implement "software pipdining” (instruction scheduling around loop iterations) in your compiler (sese
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Chapter 20).

12.7 Analyze how adequate the MiniJavalanguageitsalf would be for writing acompiler. What are the
smallest possible additions/changes that would make it amuch more useful language?

12.8 In the MiniJavalanguage, some object types are recursive and must be implemented as pointers; that is,
avalue of that type might contain a pointer to another vaue of the same type (directly or indirectly). But some
object types are not recursive, o they could be implemented without pointers. Modify your compiler to take

advantage of this by keeping nonrecursive records in the stack frame instead of on the heap.

12.9 Smilarly, some arrays have bounds that are known at compiletime, are not recursive, and are not
assigned to other array variables. Modify your compiler so that these arrays areimplemented right in the
stack frame.

12.10 Implement inline expansion of functions (see Section 15.4).

12.11 Suppose an ordinary MiniJava program were to run on aparallel machine (amultiprocessor)? How
could the compiler automaticaly make apardld program out of the origind sequentid one? Research the
approaches.

4 Previous | Mext ¢
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Part Two: Advanced Topics

Chapter List

Chapter 13: Garbage Collection Chapter 14: Object-Oriented Languages Chapter 15: Functiond Programming
Languages Chapter 16: Polymorphic Types Chapter 17: Dataflow Anadyss Chapter 18: Loop Optimizations Chapter
19: Satic Single-Assignment Form Chapter 20: Fipdining and Scheduling Chapter 21: The Memory Hierarchy
Appendix A: MiniJava L anguage Reference Manua
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Chapter 13: Garbage Collection

gar-bage: unwanted or useless materid

Webgter's Dictionary
OVERVIEW

Heap-allocated records that are not reachable by any chain of pointers from program variables are garbage. The
memory occupied by garbage should be reclaimed for use in alocating new records. This processis called garbage
collection, and is performed not by the compiler but by the runtime system (the support programs linked with the
compiled code).

Idedly, wewould say that any record that is not dynamicaly live (will not be used in the future of the computation) is
garbage. But, as Section 10.1 explains, it is not dways possible to know whether avariableislive. Sowewill usea
conservative approximation: We will require the compiler to guarantee that any live record is reachable; we will ask
the compiler to minimize the number of reachable recordsthat are not live; and wewill preserve dl reachable
records, even if some of them might not belive.

Figure 13.1 shows a Java program ready to undergo garbage collection (at the point marked garbage-collect here).
There are only three program variablesin scope: p, g, and r.
la8s ik ; Prisgran Heap

Figure 13.1: A heap to be garbage collected. Class descriptors are not shown in the diagram.
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13.1 MARK-AND-SWEEP COLLECTION

Program variables and heap-all ocated records form adirected graph. The variables are roots of thisgraph. A node n
isreachableif thereisapath of directed edgesr n starting at someroot r. A graph-search agorithm such as
depth-first search (Algorithm 13.2) can mark al the reachable nodes.

ALGORITHM 13.2: Depth-first search.

i on DFS(X)
X is a pointer into the heap
if record x is not marked

mar k X
for each field fi of record X
DFS(x. fi)

Any node not marked must be garbage, and should be reclaimed. This can be done by a sweep of the entire heap,
fromitsfirst addressto itslast, looking for nodes that are not marked (Algorithm 13.3). These are garbage and can
be linked together in alinked list (the fredlist). The sweep phase should adso unmark al the marked nodes, in
preparation for the next garbage collection.

ALGORITHM 13.3: Mark-and-sweep garbage collection.

-phase: Sweep phase:
or each root Vv p first address in heap
DFS( V) while p < last address in heap
if record p is marked
unmark p

else let f1 be the first fieldin p
p. f1 freelist
freelist p

p p+(size of record p)

After the garbage collection, the compiled program resumes execution. Whenever it wants to heap-alocate anew
record, it getsarecord from the fredist. When the fredlist becomes empty, that is agood time to do another garbage
collection to replenish the fredidt.

Cost of garbage collection Depth-first search takestime proportiona to the number of nodesit marks, thet is, time
proportional to the amount of reachable data. The sweep phase takes time proportiona to the size of the heap.
Suppose there are Rwords of reachable datain aheap of size H. Then the cost of one garbage collectionis c1R+ ¢c2
H for some congtants c¢1 and ¢2; for example, c1 might be 10 ingtructions and c2 might be 3 ingructions.

The"good" that collection doesisto replenish the fredist with H Rwords of usable memory. Therefore, we can
compute the amortized cost of collection by dividing the time spent collecting by the amount of garbage
reclaimed. That is, for every word that the compiled program alocates, there is an eventua garbage-collection cost
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If Riscloseto H, this cost becomes very large: Each garbage collection reclams only afew words of garbage. If His
much larger than R, then the cost per alocated word is approximately c2, or about 3 instructions of
garbage-collection cost per word all ocated.

The garbage collector can measure H (theheap size) and H R(thefredist size) directly. After acollection, if RIH is
larger than 0.5 (or some other criterion), the collector should increase H by asking the operating system for more
memory. Then the cost per alocated word will be approximately cl + 2¢2, or perhaps 16 instructions per word.

Using an explicit stack The DFS dgorithm isrecursve, and the maximum depth of itsrecursonisaslong asthe
longest path in the graph of reachable data. There could be a path of length H in the worst case, meaning that the
stack of activation records would be larger than the entire heap!
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Figure 13.4: Mark-and-sweep collection.

To attack this problem, we use an explicit stack (instead of recursion), asin Algorithm 13.5. Now the stack could
gill grow to size H, but at least thisis H words and not H activation records. Still, it is unacceptable to require
auxiliary stack memory aslarge as the heap being collected.

ALGORITHM 13.5: Depth-first search using an explicit stack.

i on DFS(X)
IT X is a pointer and record X is not marked
mark X
t 1
stack[ ] X
while t >0
X stack[t]; t t -1
for each field fi of record x
if x. fi is a pointer and record x. fi is not marked
mark x. f
t t + 1; stack[t] x. fi



Pointer reversal After the contentsof field x. fi have been pushed on the stack, Algorithm 13.5 will never again
look the origina location x. fi. Thismeanswe can use x. fi to store one element of the stack itsdlf! Thisal-too-clever
ideaiscdled pointer reversal, because x. fi will be made to point back to the record from which x was reached.
Then, asthe stack is popped, thefield x. fi will berestored toitsorigind vaue.

Algorithm 13.6 requires afield in each record called done, which indicates how many fieldsin that record have been
processed. Thistakes only afew bits per record (and it can aso serve asthe mark field).

ALGORITHM 13.6: Depth-firgt search using pointer reversal.

i on DFS(X)
If X is a pointer and record X is not marked
t ni
mark X; done[X] O
while true
i done[ X]
if i <# of fields in record X
y x. fi
if yis a pointer and record Yy is not marked
X. fi t; t X; X y
mark X; done[ X] O
el se
done[ X] i+ 1
el se

y X X t
if X =nil then return

[ donel x]
t x. fi; x. fi y
done[ X] i+ 1

Thevariablet serves asthe top of the stack; every record x on the stack isdready marked, and if i = dongx], then
x. fi isthe"stack link" to the next node down. When popping the stack, x. fi isrestored toitsorigina vaue.

An array of fredlists The sweep phase isthe same no matter which marking agorithmisused: It just putsthe
unmarked records on the fredist, and unmarks the marked records. But if records are of many different sizes, a
samplelinked list will not be very efficient for the alocator. When dlocating arecord of size n, it may haveto searcha
long way down the list for afree block of that Size.

A good solution isto have an array of severd fredids, so that fredidt[i] isalinked list of dl recordsof sizei. The
program can alocate anode of Size i just by taking the head of fredig[i]; the sweep phase of the collector can put
each node of Size ] at the head of fredidt[j].

If the program attempts to alocate from an empty fredlist[i], it can try to grab alarger record from fredist[j] (for j > i)
and split it (putting the unused portion back on fredid]j i]). If thisfails, it istimeto call the garbage collector to
replenish thefredids.

Fragmentation It can happen that the program wants to allocate arecord of size n, and there are many free records



amadler than n but none of theright Sze. Thisiscalled external fragmentation. On the other hand, internal
fragmentation occurs when the program uses atoo-large record without splitting it, so that the unused memory is
ingde the record instead of outside.
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13.2 REFERENCE COUNTS

One day astudent came to Moon and said: "I understand how to make a better garbage collector. We must keep a
reference count of the pointers to each cons.”

Moon patiently told the student the following story:

"One day astudent cameto Moon and said: | understand how to make a better garbage collector
(MIT-AI koan by Danny Hillis)

Mark-sweep collection identifies the garbage by first finding out what is reachable. Insteed, it can be done directly by
keeping track of how many pointers point to each record: Thisisthe reference count of the record, and it is stored
with each record.

The compiler emits extraingtructions so that whenever p is stored into x. fi, the reference count of p isincremented,
and the reference count of what x. fi previoudy pointed to is decremented. If the decremented reference count of
some record r reaches zero, then r is put on the fredist and dl the other recordsthat r pointsto have their reference
counts decremented.

Instead of decrementing the countsof r. fi when r isput onthefredid, it isbetter to do this"recursive’ decrementing
when r isremoved from the fredlist, for two reasons:
1.

It breaks up the "recursive decrementing” work into shorter pieces, so that the program can run more
smoothly (thisisimportant only for interactive or real-time programs).

The compiler must emit code (at each decrement) to check whether the count has reached zero and put the
record on the fredlist, but the recursive decrementing will be done only in one place, in the dlocator.
Reference counting seems simple and attractive. But there are two mgjor problems:
1.

Cycles of garbage cannot be reclaimed. In Figure 13.1, for example, thereisaloop of list cells (whose keys
are 7 and 9) that are not reachable from program variables; but each has a reference count of 1.



Incrementing the reference countsis very expengveindeed. In place of the single machineingruction x. fi p,

the program must execute

z = X.f;

c «— Z.count

e —c—1

.count ¢

if ¢ =0 call pirOnFreelist
x_fi —

o — Jreount

¢ —c+1

poount — ¢

A naive reference counter will increment and decrement the counts on every assignment to a program variable.
Because thiswould be extremely expengve, many of the increments and decrements are eliminated using dataflow
andysis. Asapointer valueisfetched and then propagated through locd variables, the compiler can aggregate the
many changesin the count to asingle increment, or (if the net change is zero) no extraingructions a al. However,
even with thistechnique there are many ref-count increments and decrements that remain, and their cost isvery high.

There aretwo possible solutionsto the "cycles' problem. Thefirst issmply to require the programmer to explicitly
break al cycleswhen sheis donewith adata structure. Thisisless annoying than putting explicit free cals (aswould
be necessary without any garbage collection at dl), but it is hardly éegant. The other solution isto combine reference
counting (for eager and nondisruptive reclamation of garbage) with an occasiona mark-sweep collection (to reclaim
the cycles).

On the whole, the problems with reference counting outweigh its advantages, and it israrely used for automatic
storage management in programming language environments.

- . 4 Previous | Mext ¢
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13.3 COPYING COLLECTION

The reachable part of the heap is adirected graph, with records as nodes, and pointers as edges, and program
variables asroots. Copying garbage collection traverses this graph (in apart of the heap cdled from-space), building
an isomorphic copy in afresh areaof the hegp (caled to-space). The to-space copy is compact, occupying
contiguous memory without fragmentation (that is, without free records interspersed with the reachable data). The
roots are made to point at the to-space copy; then the entire from-space (garbage, plus the previoudy reachable
graph) isunreachable.

Figure 13.7 illustrates the Situation before and after acopying collection. Before the collection, the from-space isfulll
of reachable nodes and garbage; there is no place | eft to allocate, since next has reached limit. After the collection,
the area of to-gpace between next and limit isavailable for the compiled program to all ocate new records. Because
the new-alocation areais contiguous, allocating anew record of Sze n into pointer p isvery easy: Just copy next to
p, and increment next by n. Copying collection does not have a fragmentation problem.
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Figure 13.7: Copying collection.

Eventually, the program will alocate enough that next reaches limit; then another garbage collection isneeded. The
roles of from-space and to-space are swapped, and the reachable data are again copied.

I nitiating a collection To sart anew collection, the pointer next isinitialized to point at the beginning of to-space;
as each reachable record in from-space isfound, it is copied to to-gpace at position next, and next incremented by
the size of the record.

Forwarding The basic operation of copying collection is forwarding a pointer; that is, given apointer p that points
to from-space, make p point to to-space (Algorithm 13.8).

ALGORITHM 13.8: Forwarding a pointer.

i on Forward(p)
IT p points to from space
then if p. f1 points to to-space
then return p. f1
el se for each field fi of p
next. fi p. fi
p. f1  next



next next + size of record p
return p. f1
else return p

There are three cases:

1.
If p points to afrom-space record that has already been copied, then p. f1isaspecid forwarding pointer
that indicates where the copy is. The forwarding pointer can be identified just by the fact that it points within
the to-space, as no ordinary from-space field could point there.

2.
If p pointsto afrom-space record that has not yet been copied, then it is copied to location next; and the
forwarding pointer isingaled into p. f1. It'sal right to overwrite the f1 field of the old record, because dl the
data have aready been copied to the to-space at next.

3.

If pisnot apointer at dl, or if it points outside from-space (to arecord outside the garbage-collected arena,
or to to-space), then forwarding p does nothing.

Cheney'salgorithm The smplest algorithm for copying collection uses breadth-first search to traverse the reachable
data (Algorithm 13.9, illudrated in Figure 13.10). First, the roots are forwarded. This copies afew records (those
reachabl e_di rectly from root poi nters_) to to-space, thereby incrementing next.
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Figure 13.10: Breadth-first copying collection.
ALGORITHM 13.9: Breadth-first copying garbage collection.

- next begi nni ng of to-space
or each root r

r Forward(r)
whil e scan < next
for each field fi of record at scan
scan. fi Forward(scan. fi)
scan scan+ size of record at scan

The area between scan and next contains records that have been copied to to-space, but whose fields have not yet



been forwarded: In generd, these fields point to from-gpace. The area between the beginning of to-space and scan
contains records that have been copied and forwarded, so that al the pointersin this area point to to-space. The
while loop (of Algorithm 13.9) moves scan toward next, but copying records will cause next to move aso.
Eventuadly, scan catches up with next after al the reachable data are copied to to-space.

Cheney's dgorithm requires no externa stack, and no pointer reversal: It uses the to-space area between scan and
next asthe queue of its breadth-first search. This makesit consderably smpler to implement than depth-first search
with pointer reversdl.

L ocality of reference However, pointer data structures copied by breadth-first have poor locality of reference: If a
record at address a points to another record at address b, itislikely that a and b will befar gpart. Conversdly, the
record at a + 8 islikely to be unrelated to the one a a. Records that are copied near each other are those whose
distance from the roots are equal.

In acomputer system with virtua memory, or with amemory cache, good locdity of referenceisimportant. After the
program fetches address a, then the memory subsystemn expects addresses near a to be fetched soon. So it ensures
that the entire page or cache line containing a and nearby addresses can be quickly accessed.

Suppose the program isfetching down achain of n pointersin alinked list. If the recordsin the list are scattered
around memory, each on apage (or cache line) containing completely unrelated data, then we expect n difference
pages or cache linesto be active. But if successve recordsin the chain are at adjacent addresses, then only n/k
pages (cache lines) need to be active, where k recordsfit on each page (cacheline).

Depth-first copying gives better locality, since each object a will tend to be adjacent toitsfirst child b, unlessbis
adjacent to another "parent” a . Other children of a may not be adjacent to a, but if the subtree b issmadl, then they
should be nearby.

But depth-first copy requires pointer-reversa, which isinconvenient and dow. A hybrid, partly depth-first and partly
breadth-first algorithm can provide acceptable locality. The basic ideaisto use breadth-first copying, but whenever
an object is copied, seeif some child can be copied near it (Algorithm 13.11).

ALGORITHM 13.11: Semi-depth-first forwarding.

i on Forward(p)
IT p points to from space
then if p. f1 points to to-space
then return p. f1
el se Chase(p); return p. f1
else return p

functi on Chase(p)

r epeat

g next

next next+ size of record p

r nil

for each field fi of record p
q. fi p. fi
if g fi points to fromspace and q. fi . f1 does not point to to-space
then r q. f

p. f1 ¢

p r



until p = nil

Cogt of garbage collection Breadth-first search (or the semi-depth-first variant) takes time proportiond to the
number of nodes it marks, that is, ¢3 Rfor some constant ¢3 (perhaps equa to 10 instructions). Thereisno sweep
phase, s0 c3 Risthetota cost of collection. The hegp is divided into two semi-spaces, o each collection reclaims H
= 2 Rwordsthat can be allocated before the next collection. The amortized cost of collectionisthus

R

e

- K

ingtructions per word alocated.

As H grows much larger than R, this cost approaches zero. That is, thereis no inherent lower bound to the cost of
garbage collection. Inamore redigtic setting, where H = 4R, the cost would be about 10 instructions per word
alocated. Thisisrather costly in space and time: It requires four times as much memory as reachable data, and
requires 40 ingtructions of overhead for every 4-word object alocated. To reduce both space and time costs
ggnificantly, we use generational collection.
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13.4 GENERATIONAL COLLECTION

In many programs, newly created objects are likely to die soon; but an object that is still reachable after many
collectionswill probably survive for many collections more. Therefore the collector should concentrate its effort on
the"young" data, where thereisahigher proportion of garbage.

We divide the heap into generations, with the youngest objectsin generation GO; every object in generation G1lis
older than any object in GO; everythingin G2 isolder than anythingin G1, and so on.

To collect (by mark-and-sweep or by copying) just GO, just start from the roots and do either depth-first marking or
breadth-first copying (or semidepth-first copying). But now the roots are not just program variables: They include any
pointer within G1, G2, that pointsinto GO. If there are too many of these, then processing the roots will take longer
than the traversal of reachable objects within GO!

Fortunately, it israrefor an older object to point to amuch younger object. In many common programming styles,
when an object a iscreated itsfields areimmediately initidized; for example, they might be madeto point to b and c.
But b and c dready exigt; they are older than a. So we have anewer object pointing to an older object. The only
way that an older object b could point to anewer object aisif somefied of b isupdated long after b is created; this
turns out to berare.

Toavoid searching dl of G1, G2, for roots of GO, we make the compiled program remember wherethere are
pointers from old objectsto new ones. 1:here_at_re severa ways of remembering:

roms | Cald r"'"l.l:_-..- - H 1 Gl
E-THH H B | By =iy
[P s 7| B )
J i =——H
'-.__:'_-.i"l - h ._.'-.- ol ) o
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/ “— | ~— \
[ ™ remembered EE,l ™ remembered
— ! sel T sl
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a1 Betore oollection b Adter collection

Figure 13.12: Generationa collection. The bold arrow is one of the rare pointers from an older generation to anewer
one.

Remembered list: The compiler generates code, after each update store of theform b. fi a, toput bintoa
vector of updated objects. Then, a each garbage collection, the collector scans the remembered list looking
for old objects b that point into GO.

Remembered set: Liketheremembered list, but usesabit within object b to record that b isaready inthe



vector. Then the code generated by the compiler can check thisbit to avoid duplicate referencesto b inthe
vector.

Card marking: Dividememory intologicad "cards' of sze 2k bytes. An object can occupy part of acard or
can gtart in the middle of one card and continue onto the next. Whenever address b is updated, the card
containing that addressis marked. Thereisan array of bytesthat serve as marks; the byte index can be
found by shifting address b right by k bits.

Page marking: Thisislike card marking, but if 2k isthe page sze, then the computer's virtua memory
system can be used instead of extraingtructions generated by the compiler. Updating an old generation setsa
dirty bit for that page. If the operating system does not make dirty bits available to user programs, then the
user program can implement this by write-protecting the page and asking the operating system to refer
protection violations to a usermode fault handler that records the dirtiness and unprotects the page.

When a garbage collection begins, the remembered set tellswhich objects (or cards, or pages) of the old generation
can possibly contain pointersinto GO; these are scanned for roots.

Algorithm 13.3 or 13.9 can be used to collect GO: "heap” or "from-space” means GO, "to-space’ means anew area
big enough to hold the reachable objectsin GO, and "roots' include program variables and the remembered set.
Pointersto older generations are left unchanged: The marking algorithm does not mark old-generation records, and
the copying agorithm copies them verbatim without forwarding them.

After severd collections of GO, generation G1 may have accumulated a significant amount of garbage that should be
collected. Since GO may contain many pointersinto G1, it isbest to collect GO and G1 together. As before, the
remembered set must be scanned for roots contained in G2, G3; . Even morerarely, G2 will be collected, and so on.

Each older generation should be exponentialy bigger than the previous one. If GO ishalf amegabyte, then G1 should
be two megabytes, G2 should be elght megabytes, and so on. An object should be promoted from Gi to Gi+1 when
it survivestwo or three collections of Gi.

Cost of generational collection Without detailed empirica information about the distribution of object lifetimes, we
cannot analyze the behavior of generationd collection. In practice, however, it iscommon for the youngest generation
to be lessthan 10% live data. With acopying collector, thismeansthat H/ Ris 10 in this generation, so that the
amortized cost per word reclaimed is c3 R/ (10R R), or about 1 ingtruction. If the amount of reachable datain GOis
about 50 to 100 kilobytes, then the amount of space "wasted" by having H = 10Rin the youngest generation is about
amegabyte. In a50-megabyte multigeneration system, thisisasmall space cost.

Collecting the older generations can be more expensive. To avoid using too much space, asmaler H/ Rratio can be
used for older generations. Thisincreases the time cost of an older-generation collection, but these are sufficiently
rare that the overall amortized time cost is still good.

Maintaining the remembered set also takestime, approximately 10 instructions per pointer update to enter an object
into the remembered set and then processthat entry in the remembered set. If the program does many more updates
than fresh dlocations, then generationd collection may be more expensive than nongenerationa collection.
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13.5INCREMENTAL COLLECTION

Evenif the overdl garbage collection timeisonly afew percent of the computation time, the collector will
occasiondly interrupt the program for long periods. For interactive or red-time programsthisis undesirable.
Incrementa or concurrent dgorithms interleave garbage collection work with program execution to avoid long
interruptions.

Terminology The collector triesto collect the garbage; meanwhile, the compiled program keeps changing
(mutating) the graph of reachable data, so it iscalled the mutator . An incremental dgorithmisoneinwhich the
collector operates only when the mutator requestsit; in a concurrent algorithm the collector can operate between or
during any ingtructions executed by the mutator.

Tricolor marking In amark-sweep or copying garbage collection, there are three classes of records.

White objects are not yet visited by the depth-first or breadth-first search.

Grey objects have been visited (marked or copied), but their children have not yet been examined. In
mark-sweep collection, these objects are on the stack; in Cheney's copying collection, they are between scan
and next.

Black objects have been marked, and their children also marked. In mark-sweep collection, they have
already been popped off the stack; in Cheney's adgorithm, they have aready been scanned.

The collection starts with @l objects white; the collector executes Algorithm 13.13, blackening grey objects and
greying their white children. Implicit in changing an object from grey to black is removing it from the stack or queue
; implicitin greying an object is putting it into the stack or queue. When there are no grey objects, then al white
objects must be garbage.

ALGORITHM 13.13: Basic tricolor marking

there are any grey objects
select a grey record p
for each field fi of p
if record p. fi is white
color record p. fi grey
color record p black

Algorithm 13.13 generdizes al of the mark-sweep and copying agorithms shown so far: Algorithms 13.2, 13.3, 13.5,




13.6, and 13.9. All these dgorithms preserve two naturd invariants:
1.

No black object pointsto awhite object.

Every grey object ison the collector's (stack or queue) data structure (which we will call the grey-set).

While the collector operates, the mutator creates new objects (of what color?) and updates pointer fields of existing
objects. If the mutator bresks one of the invariants, then the collection agorithm will not work.

Most incremental and concurrent collection agorithms are based on techniquesto alow the mutator to get work
donewhile preserving the invariants. For example:

Dijkstra, Lamport, et al. Whenever the mutator stores awhite pointer a into ablack object b, it colors a
grey. (The compiler generates extraingtructions a each store to check for this.)

Steele. Whenever the mutator stores awhite pointer a into ablack object b, it colors b grey (using extra
ingtructions generated by the compiler).

Boehm, Demers, Shenker. All-black pages are marked read-only in the virtud memory system. Whenever
the mutator stores any valueinto an all-black page, apage fault marks al objects on that page grey (and
makes the page writable).

Baker. Whenever the mutator fetches apointer b to awhite object, it colors b grey. The mutator never
pOSSesseS a pointer to awhite object, so it cannot violate invariant 1. The ingtructionsto check the color of b
are generated by the compiler after every fetch.

Appd, Ellis, Li. Whenever the mutator fetches a pointer b from any virtua-memory page containing any
nonblack object, a page-fault handler colors every object on the page black (making children of these
objects grey). Thus the mutator never possesses a pointer to awhite object.

Thefirst three of these are write-barrier agorithms, meaning that each write (store) by the mutator must be checked
to make sure an invariant is preserved. The last two are read-barrier dgorithms, meaning that read (fetch)
Instructions are the ones that must be checked. We have seen write barriers before, for generational collection:
Remembered lists, remembered sets, card marking, and page marking are dl different implementations of the write
barrier. Smilarly, the read barrier can be implemented in software (asin Baker's dgorithm) or using the
virtua-memory hardware,



Any implementation of awrite or read barrier must synchronize with the collector. For example, aDijkstra-style
collector might try to change awhite node to grey (and put it into the grey-set) at the same time the mutator isalso
greying the node (and putting it into the grey-set). Thus, software implementations of the read or write barrier will
need to use explicit synchronization ingtructions, which can be expensive.

But implementations using virtua-memory hardware can take advantage of the synchronization implicit in apage fault:

If the mutator faults on a page, the operating system will ensure that no other process has accessto that page before
processing the faullt.
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13.6 BAKER'SALGORITHM

Baker'sagorithm illustrates the details of incremental collection. It is based on Cheney's copying collection agorithm,
s0 it forwards reachable objects from from-space to to-gpace. Baker's algorithm is compatible with generational
collection, so that the from-space and to-space might be for generation GO, or might be GO + + GK.

Toinitiate agarbage collection (which happens when an allocate request failsfor lack of unused memory), theroles
of the (previous) from-space and to-space are swapped, and all the roots are forwarded; thisis called the flip. Then
the mutator is resumed; but each time the mutator callsthe alocator to get anew record, afew pointersat scan are
scanned, so that scan advances toward next. Then anew record is alocated at the end of the to-space by
decrementing limit by the appropriate amount.

Theinvariant isthat the mutator has pointers only to to-space (never to from-space). Thus, when the mutator
allocates and initializes anew record, that record need not be scanned; when the mutator stores a pointer into an old
record, it isonly storing a to-space pointer.

If the mutator fetchesafield of arecord, it might breek theinvariant. So each fetch isfollowed by two or three
ingtructions that check whether the fetched pointer points to from-space. If so, that pointer must be forwarded
immediately, usng the sandard forward agorithm.

For every word alocated, the allocator must advance scan by at least one word. When scan=next, the collection
terminates until the next time the alocator runs out of space. If the heap isdivided into two semi-spacesof Sze H / 2,
and R< H/ 4, then scan will catch up with next before next reaches hafway through the to-space; dso by thistime,
no more than haf the to-space will be occupied by newly allocated records.

Baker's dgorithm copies no more data than islive at the flip. Records alocated during collection are not scanned, so
they do not add to the cost of collection. The collection cost isthus c3 R But there isaso acost to check (at every
alocation) whether incremental scanning is necessary; thisisproportiond toH/2 R

But the largest cost of Baker's dgorithm isthe extraingtructions after every fetch, required to maintain the invariant. If
onein every 10 ingtructions fetches from a heap record, and each of these fetches requirestwo extrainstructionsto
test whether it isafrom-space pointer, then thereis a least a20% overhead cost just to maintain the invariant. All of
theincrementa or concurrent algorithmsthat use a software write or read barrier will have asignificant cost in
overhead of ordinary mutator operations.

- . 4 Previous | Mext b
Team-Fly " §



Team-Fly

4 Previous | Mesxt #

13.7INTERFACE TO THE COMPILER

The compiler for a garbage-collected language interacts with the garbage collector by generating code that allocates
records, by describing locations of roots for each garbage-collection cycle, and by describing the layout of data
records on the hegp. For some versions of incremental collection, the compiler must also generate ingtructionsto
implement aread or write barrier.

FAST ALLOCATION

Some programming languages, and some programs, dlocate hegp data (and generate garbage) very rapidly. Thisis
especidly true of programsin functiond languages, where updating old data is discouraged.

The most alocation (and garbage) one could imagine areasonable program generating is one word of alocation per
soreingtruction; thisis because each word of ahegp-alocated record isusudly initidized. Empirical measurements
show that about one in every seven ingructions executed isastore, amost regardless of programming language or

1
program. Thus, we have (at most) 7word of dlocation per instruction executed.

Supposing that the cost of garbage collection can be made small by proper tuning of agenerationa collector, there
may still be aconsiderable cost to create the heap records. To minimize this cost, copying collection should be used
so that the allocation space is a contiguous free region; the next free location is next and the end of the region islimit.
To dlocate onerecord of Size N, the steps are

1.

Cdl thedlocate function.

Test next + N < limit ? (If thetest fails, cal the garbage collector.)

Move next into result

Clear M[next], M[next + 1], , M[next + N 1]

next next+ N

Return from the alocate function.



Move result into some computationaly useful place.

Store useful valuesinto the record.

Steps 1 and 6 should be diminated by inline expanding the alocate function at each place wherearecord is
alocated. Step 3 can often be diminated by combining it with step A, and step 4 can be liminated in favor of sep B
(steps A and B are not numbered because they are part of the useful computation; they are not alocation overhead).

Steps 2 and 5 cannot be diminated, but if there is more than one alocation in the same basic block (or in the same
trace; see Section 8.2), the comparison and increment can be shared among multiple dlocations. By keeping next
and limit in registers, eps 2 and 5 can be donein atota of three ingtructions.

By this combination of techniques, the cost of alocating arecord - and then eventualy garbage collecting it - can be
brought down to about four ingtructions. This meansthat programming techniques such asthe persistent binary
search tree (page 108) can be efficient enough for everyday use.

DESCRIBING DATA LAYOUTS

The collector must be able to operate on records of dl types: ligt, tree, or whatever the program has declared. It must
be able to determine the number of fieldsin each record, and whether each field isa pointer.

For gatically typed languages such as Pascal, or for object-oriented languages such as Javaor Modula-3, the
simplest way to identify hegp objectsisto have thefirst word of every object point to aspecid type- or
class-descriptor record. Thisrecord tellsthe total size of the object and the location of each pointer field.

For gatically typed languages thisis an overhead of oneword per record to serve the garbage collector. But
object-oriented languages need this descriptor pointer in every object just to implement dynamic method lookup, o
that thereis no additional per-object overhead attributable to garbage collection.

Thetype- or class-descriptor must be generated by the compiler from the static type information calculated by the
semantic analysis phase of the compiler. The descriptor pointer will be the argument to the runtime sysem's aloc
function.

In addition to describing every hesp record, the compiler must identify to the collector every pointer-containing
temporary and loca variable, whether itisin aregister or in an activation record. Because the set of live temporaries
can change at every ingruction, the pointer map isdifferent at every point in the program. Therefore, it issmpler to
describe the pointer map only at points where anew garbage collection can begin. These are at callsto thedloc
function; and aso, Since any function cal might be caling afunction which inturn calsaloc, the pointer map must be
described at each function call.



The pointer map is best keyed by return addresses: A function call at location a is best described by itsreturn
addressimmediately after a, because the return address is what the collector will seein the very next activation
record. The data structure maps return addresses to live-pointer sets; for each pointer that isliveimmediately after
the cal, the pointer map tellsitsregister or frame location.

Tofind al theroots, the collector starts at the top of the stack and scans downward, frame by frame. Each return
address keys the pointer-map entry that describes the next frame. In each frame, the collector marks (or forwards, if
copying collection) from the pointersin that frame.

Cdlee-saveregisters need specid handling. Suppose function f cdls g, which cdls h. Function h knows that it saved

some of the callee-save regigtersin itsframe and mentions thisfact in its pointer map; but h does not know which of
these registers are pointers. Therefore the pointer map for g must describe which of its callee-save registers contain
pointers at the call to h and which are "inherited” from f.

DERIVED POINTERS

Sometimes a compiled program has a pointer that points into the middle of aheap record, or that points before or

after the record. For example, the expression gi-2000] can be caculated internally as M[a2000+i]:
t +—a — 2000

Iy =t +i
I — ."‘rflf;l

If the expression gi-2000] occursinsde aloop, the compiler might chooseto hoist t1 a 2000 outside theloop to
avoid recaculating it in each iteration. If the loop aso contains an dloc, and agarbage collection occurswhile tlis
live, will the collector be confused by apointer t1 that does not point to the beginning of an object, or (worse yet)
that pointsto an unrelated object?

We say that the t1is derived from the base pointer a. The pointer map must identify each derived pointer and tell
the base pointer from which it is derived. Then, when the collector relocates a to address a , it must adjust t1 to point
toaddresstl + a a.

Of course, thismeansthat a mugt remainliveaslong astlislive. Consder theloop at Ieft, implemented as shown a

right:

| et ri 100
var a := intarray[100] of O rz o
call alloc
a ri
in tl1 a - 2000
for i := 1930 to 1990 i 1930
do f(a[i-2000]) L1 : r1 Mt1l + i]
call f
end L2 : if i 1990 goto L1

If there are no other uses of a, then the temporary a appears dead after the assignment to t1. But then the pointer
map associated with the return address L2 would not be able to "explain” t1 adequately. Therefore, for purposes of



the compiler'slivenessandysis, a derived pointer implicitly keeps its base pointer live.
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PROGRAM DESCRIPTORS

Implement record descriptors and pointer maps for the MiniJava compiler.

For each record-type declaration, make astring literal to serve asthe record descriptor. The length of the string
should be equal to the number of fieldsin the record. The ith byte of the string should be p if the ith field of the record
Isapointer (string, record, or array), or nif the ith field isanonpointer.

The alocRecord function should now take the record descriptor string (pointer) instead of alength; the alocator can
obtain the length from the string literd. Then allocRecord should store this descriptor pointer at field zero of the
record. Modify the runtime system appropriately.

The user-visible fields of the record will now be at offsets 1, 2, 3, instead of O, 1, 2, ; adjust the compiler
appropriately.

Design adescriptor formet for arrays, and implement it in the compiler and runtime system.

Implement atemp-map with aboolean for each temporary: Isit apointer or not? Also make asimilar map for the
offsetsin each stack frame, for frame-resident pointer variables. Y ou will not need to handle derived pointers, as
your MiniJava compiler probably does not keep derived pointerslive across function calls.

For each procedure call, put anew return-addresslabel Lret immediatdly after the call ingtruction. For each one,
make a datafragment of theform

Lptrmap327 : .word L ptrmap326 link to previous ptr-map
entry
.word Lret327 key for thisentry
.word pointer map for this

return address

and then the runtime system can traverse thislinked list of pointer-map entries, and perhaps build it into a data
structure of its own choosing for fast lookup of return addresses. The data-layout pseudo-ingtructions (.word, €tc.)
are, of course, machine-dependent.
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PROGRAM GARBAGE COLLECTION

Implement a mark-sweep or copying garbage collector in the C language, and link it into the runtime system. Invoke
the collector from alocRecord or initArray when the free space is exhausted.
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FURTHER READING

Reference counting [Collins 1960] and mark-sweep collection [McCarthy 1960] are dmost as old as languages with
pointers. The pointer-reversal ideais attributed by Knuth [1967] to Peter Deutsch and to Herbert Schorr and W. M.
Waite.

Fenichel and Y ochelson [1969] designed the first two-space copying collector, using depth-first search; Cheney
[1970] designed the algorithm that uses the unscanned nodes in to-space as the queue of a breadth-first search, and
a0 the semi-depth-first copying that improvesthe locdity of alinked list.

Stedle[1975] designed the first concurrent mark-and-sweep agorithm. Dijkstraet d. [1978] formaized the notion of
tricolor marking, and designed a concurrent algorithm that they could prove correct, trying to keep the
synchronization requirements asweak as possble. Baker [1978] invented the incrementa copying agorithm inwhich
the mutator sees only to-space pointers.

Generationa garbage collection, taking advantage of the fact that newer objects die quickly and that there are few
old-to-new pointers, was invented by Lieberman and Hewitt [1983]; Ungar [1986] developed asimpler and more
effident remembered set mechanism.

The Symbolics Lisp Machine [Moon 1984] had specia hardware to assst with incrementa and generationa garbage
collection. The microcoded memory-fetch instructions enforced the invariant of Baker's agorithm; the microcoded
memory-store ingtructions maintained the remembered set for generationd collection. This collector wasthefirst to
explicitly improve locdlity of reference by keeping related objects on the same virtual-memory page.

As modern computers rarely use microcode, and a modern general-purpose processor embedded in a
genera-purpose memory hierarchy tends to be an order of magnitude faster and cheaper than a computer with
gpecid-purpose ingtructions and memory tags, attention turned in the late 1980s to agorithms that could be
implemented with standard RISC ingtructions and standard virtual-memory hardware. Appe et a. [1988] use virtua
memory to implement aread barrier in atruly concurrent variant of Baker's dgorithm. Shaw [1988] uses
virtua-memory dirty bits to implement awrite barrier for generational collection, and Boehm et a. [1991] makethe
same smple write barrier serve for concurrent generational mark-and-sweep. Write barriers are cheaper to
implement than read barriers, because storesto old pages are rarer than fetches from to-space, and awrite barrier
merely needsto set adirty bit and continue with minimal interruption of the mutator. Sobavarro [1988] invented the
card marking technique, which uses ordinary RISC ingtructions without requiring interaction with the virtua-memory
sysem.

Appel and Shao [1996] describe techniques for fast alocation of heap records and discuss several other efficiency
issues related to garbage-collected systems.

Branquart and Lewi [1971] describe pointer maps communicated from acompiler to its garbage collector; Diwan et
al. [1992] tie pointer mapsto return addresses, show how to handle derived pointers, and compress the mapsto



Save space.

Appel [1992, Chapter 12] showsthat compilersfor functiona languages must be careful about closure
representations; using smple static links (for example) can keep enormous amounts of data reachable, preventing the
callector from reclamingiit.

Boehm and Weiser [1988] describe conservative collection, where the compiler does not inform the collector
which variables and record fields contain pointers, so the collector must "guess.” Any bit pattern pointing into the
allocated heap is assumed to be a possible pointer and keeps the pointed-to record live. However, since the bit
pattern might redlly be meant as an integer, the object cannot be moved (which would change the possible integer),
and some garbage objects may not be reclaimed. Wentworth [1990] points out that such an integer may
(coincidentaly) point to the root of a huge garbage data structure, which therefore will not be reclaimed; so
conservative collection will occasondly suffer from a disastrous space leak. Boehm [1993] describes severd
techniques for making these disasters unlikely: For example, if the collector ever finds an integer pointing to address X
that isnot acurrently alocated object, it should blacklist that address so that the alocator will never alocate an
object there. Boehm [1996] points out that even a conservative collector needs some amount of compiler assistance:
If aderived pointer can point outside the bounds of an object, then its base pointer must be kept live aslong asthe
derived pointer exists.

Page 481 discusses some of the literature on improving the cache performance of garbage-collected systems.

Cohen [1981] comprehensively surveysthefirst two decades of garbagecollection research; Wilson [1997]
describes and discusses more recent work. Jones and Lins [1996] offer acomprehensive textbook on garbage
collection.
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EXERCISES

*13.1 Analyze the cost of mark-sweep versus copying collection. Assume that every record is exactly two
wordslong, and every field isapointer. Some pointers may point outside the collectible heap, and these are
to beleft unchanged.

a.
Andyze Algorithm 13.6 to estimate c1, the cost (in instructions per reachable word) of depth-first
marking.
b.
Andyze Algorithm 13.3 to estimate c2, the cost (in instructions per word in the hesp) of sweeping.
C.
Andyze Algorithm 13.9 to estimate c3, the cost per reachable word of copying collection.
d.
Thereissomeratio sothat with H= Rthe cost of copying collection equas the cost of mark-sweep
collection. Find .
e.

For H> R whichischeaper, mark-sweep or copying collection?

13.2 Run Algorithm 13.6 (pointer reversal) on the heap of Figure 13.1. Show the state of the heap; the done
flags, and variablest, x, and y at the time the node containing 59 isfirst marked.

*13.3 Assume main calsf with calee-save registersdl containing 0. Then f savesthe callee-saveregigersit
ISgoing to use; puts pointersinto some callee-save regigters, integersinto others, and leavesthe rest
untouched; and then it callsg. Now g saves some of the callee-save registers, puts some pointers and
integersinto them, and calls dloc, which starts a garbage collection.

a.

Write functionsf and g matching this description.

[llustrate the pointer maps of functionsf and g.
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Show the steps that the collector takes to recover the exact locations of all the pointers.

**13.4 Every object in the Javalanguage supports a hashCode() method that returns ahash code" for that
object. Hash codes need not be unique + different objects can return the same hash code but each object
must return the same hash code every timeit is caled, and two objects sdlected at random should have only
asmall chance of having the same hash code.

The Javalanguage specification saysthat "Thisistypicaly implemented by converting the address of the
object to an integer, but thisimplementation technique is not required by the Javalanguage.”

Explain the problem in implementing hashCode() thisway in a Java system with copying garbage collection,
and propose asolution.
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Chapter 14. Object-Oriented
L anguages

OVERVIEW

ob-ject: tofed distaste for something
Webgter's Dictionary

An important characterigtic of object-oriented languagesisthe notion of extension or inheritance. If some program
context (such astheforma parameter of afunction or method) expects an object that supports methods mi1, m2, m3,
then it will also accept an object that supports m1, m2, m3, md.

- . 4 Previous | Mext ¢
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14.1 CLASS EXTENSION

Program 14.1 illustrates the use of class extenson in Java. Every Vehicleisan Object;every Car isaVehicle; thus
every Car isaso an Object. Every Vehicle (and thus every Car and Truck) has an integer position field and amove
method.

PROGRAM 14.1: An object-oriented program.

Vehicl e {
I'nt position;
void nove (int x) { position = position + x; }
}
cl ass Car extends Vehicl e{
i nt passengers;
void await (Vehicle v) {
if (v.position < position)
V. nmove(position - v.position);
el se
t hi s. nove(10);
}
}

cl ass Truck extends Vehicl e{
void move(int x) {
if (x <= 55) { position = position + x; }
}
}

cl ass Mai n{
public static void main(String args[]) {
Truck t = new Truck();
Car ¢ = new Car ()
Vehicle v = c;
Cc. passengers = 2
c. nove( 60);
v. move(70);
c.await(t);

In addition, a Car has an integer passengersfield and an await method. The variablesin scope on entry to await are

passengers because it is a field of Car

position because it is (inplicitly) a field of Car

v because it is a formal paraneter of await,

this because it is (inplicitly) a formal paranmeter of await.

At the cdll to c.await(t), thetruck t is bound to the formd parameter v of the await method. Then when v.moveis
cdled, thisactivates the Truck_move method body, not Vehicle_ move.

We usethe notation A_m to indicate a method instance m declared within aclass A. Thisisnot part of the Java
gyntax, it isjust for usein discussing the semantics of Java programs. Each different declaration of amethod isa



different method instance. Two different method instances could have the same method nameif, for example, one
overridesthe other.
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Team-Fly " §



Team-Fly

4 Previous | Mesxt #

14.2 SINGLE INHERITANCE OF DATA FIELDS

To evauate the expression v.position, where v belongs to class Vehicle, the compiler must generate code to fetch the
field position from the object (record) that v pointsto.

This seems smple enough: The environment entry for variable v contains (among other things) a pointer to the type
(class) description of Vehicle thishasalist of fieldsand their offsets. But at run time the variable v could also contain
apointer to aCar or Truck; where will the position field bein a Car or Truck object?

Singleinheritance For single-inheritance languages, in which each class extends just one parent class, the smple
technique of prefixing workswell. Where B extends A, thosefields of B that areinherited from A arelaid outinaB
record at the beginning, in the same order they appear in A records. Fields of B not inherited from A are placed
afterward, asshown in Figure 14.2.

clasa & int a = 0:}

clags B extends A {int b = 0; A ] B 0 [

int ¢ = 0;} i 1 | | a

clasa © extends A linc d a:} ™ | |
1

lags [ extends B {int & = 0;] =1 — I[ 1

| ®

Figure 14.2: Single inheritance of datafields.

METHODS

A method ingtance is compiled much like afunction: It turnsinto machine code that resides at a particular addressin
the ingtruction space. Let us say, for example, that the method instance Truck_move has an entry point at
machine-code label Truck_move. In the semantic analys's phase of the compiler, each variable's environment entry
contains a pointer to its class descriptor; each class descriptor contains a pointer to its parent class, and also alist of
method instances; and each method instance has a machine-code labdl .

Static methods Some object-oriented languages allow some methods to be declared static. The machine code that
executes when c.f() is called depends on the type of the variable c, not the type of the object that ¢ holds. To
compile amethod-call of the form c.f(), the compiler findsthe class of c; let us supposeitisclass C. Thenit searches
in class C for amethod f; suppose noneisfound. Then it searchesthe parent class of C, class B, for amethod f; then
the parent class of B; and so on. Suppose in some ancestor class A it finds astatic method f; then it can compilea
functioncdl tolabd A f.

Dynamic methods Thistechnique will not work for dynamic methods. If method f in A isadynamic method, then it
might be overridden in some class D which isasubclass of C (see Figure 14.3). But thereisno way to tell at compile
timeif the variable c ispointing to an object of classD (in which case D_f should be cdled) or class C (in which case
A_f should be called).



Figure 14.3: Class descriptors for dynamic method lookup.
To solve this problem, the class descriptor must contain avector with amethod instance for each (nongtatic) method
name. When class B inheritsfrom A, the method table starts with entriesfor al method namesknown to A, and then

continues with new methods declared by B. Thisisvery much like the arrangement of fieldsin objectswith
inheritance.

Figure 14.3 showswhat happenswhen class D overrides method f. Although the entry for f isat the beginning of D's
method table, asit isaso at the beginning of the ancestor class A's method table, it pointsto adifferent
method-instance label because f has been overridden.

To execute c.f(), wheref isadynamic method, the compiled code must execute these ingtructions:
1.

Fetch the class descriptor d at offset O from object c.

Fetch the method-instance pointer p from the (constant) f offset of d.

Jump to address p, saving return address (that is, call p).

4 Previous | Mext b
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143 MULTIPLE INHERITANCE

In languages that permit aclass D to extend severa parent classes A, B, C (that is, where A is not a subclass of B, or
viceversa), finding field offsets and method instancesis more difficult. It isimpossibleto put dl the A fields a the
beginning of D and to put dl the B fields a the beginning of D.

Glaobal graph coloring One solution to this problem isto saticaly analyze dl classes at once, finding some offset for
each fidld name that can be used in every record containing that field. We can model thisas agraph-coloring
problem: Thereisanode for each distinct field name, and an edge for any two fields which coexist (perhaps by

E{ int b = 0O} A
int <

Figure 14.4: Multiple inheritance of datafields.

The problem with this gpproach isthat it leaves empty dotsin the middle of objects, sSinceit cannot aways color the
N fields of each classwith colorswith thefirst N colors. To diminate the empty dotsin objects, we pack the fields of
each object and have the class descriptor tell where each field is. Figure 14.5 shows an example. We have done
graph coloring on dl the field names, as before, but now the "colors' are not the offsets of those fieldswithin the
objects but within the descriptors. To fetch afield a of object x, we fetch the a-word from x's descriptor; thisword
containsasmal integer telling the position of the actud a datawithin x.

L="" | |~ =" ="

(SN Ey ey

| c | | d | f b

d

e

al 1 | a| | al 1
bl 1 b| 2

c| 2 ¢l 3

d| 2 d 4

el 5

Figure 14.5: Fidd offsetsin descriptors for multiple inheritance.

In this scheme, class descriptors have empty dots, but the objects do not; thisis acceptable because a system with

millions of objectsislikely to have only dozens of class descriptors. But each datafetch (or store) requiresthree
ingtructionsingtead of one:



Fetch the descriptor pointer from the object.

Fetch the field-offset value from the descriptor.

Fetch (or store) the data at the appropriate offset in the object.

In practice, it islikely that other operations on the object will have fetched the descriptor pointer aready, and multiple
operations on the same field (e.g., fetch then store) won't need to refetch the offset from the descriptor;
commonsubexpression eimination can remove much of this redundant overhead.

Method lookup Finding method instancesin alanguage with multipleinheritanceis just as complicated asfinding
fidd offsats. The globa graph-coloring approach works well: The method names can be mixed with the fidld names
to form nodes of alarge interference graph. Descriptor entries for fields give locations within the objects; descriptor
entries for methods give machine-code addresses of method instances.

Problemswith dynamic linking Any globa approach suffers from the problem that the coloring (and layout of class
descriptors) can be done only at link time; thejob is certainly within the capability of aspecia-purpose linker.

However, many object-oriented systems have the capability to load new classesinto arunning system; these classes
may be extensions (subclasses) of classes dready in use. Link-time graph coloring poses many problemsfor asystem
that alows dynamic incrementd linking.

Hashing Instead of global graph coloring, we can put a hash table in each class descriptor, mapping field namesto
offsets and method names to method instances. Thisworks well with separate compilation and dynamic linking.

The characters of the field names are not hashed at run time. Instead, each field name a is hashed a compiletimeto
aninteger hasha intherange[0, N 1]. Also, for each field name aunique run-time record (pointer) ptra is made.

Each class descriptor has afield-offset table Ftab of size N containing fiel d-offsets and method instances, and (for
purposes of collision detection) aparallel key table Ktab containing field-name pointers. If the classhasafield x, then
fidd-offset-table d ot number hashx containsthe offset for x, and key-table dot number hashx contains the pointer ptr
X.

Tofetch afidd x of object ¢, the compiler generates code to
1.

Fetch the class descriptor d at offset O from object c.



Fetch thefidd name f from the address offset d + Ktab + hashx.

Test whether f = ptrx; if so

Fetch thefidd offsat k from d + Ftab + hashx.

Fetch the contents of thefidld from ¢ + k.

Thisagorithm hasfour ingructions of overhead, which may il betolerable. A smilar dgorithm worksfor dynamic
method-instance |ookup.

The dgorithm as described does not say what to do if thetest at line 3 fails. Any hash-table collision-resol ution
technique can be used.

[1]Distinct field name does not mean smple equivaence of strings. Each fresh declaration of field or method x
(whereit isnot overriding the x of aparent class) isredly adistinct name.
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144 TESTING CLASSMEMBERSHIP

Some obj ect-oriented languages allow the program to test membership of an object inaclassat runtime, as
summarizedin Table 14.6.

.14.6. Facilitiesfor type testing and safe casting.

Modula-3 Java
Test whether object x belongs class ISTY PE(x,C) X instanceof C
C, or to any subclass of C.
Given avarigble x of classC, where NARROW(x,D) (D)x

x actualy pointsto an object of class
D that extends C, yidd an expression
whaose compiletimetypeisclassD.

.mch object pointsto its class descriptor, the address of the class descriptor can serve asa "type-tag.”
However, if X isan ingance of D, and D extends C, then x isaso an instance of C. Assuming thereisno multiple

inheritance, asmple way to implement x instanceof C isto generate code that performsthe following loop at run time:
fy <« x.descriptor

Ly It =C gote true
f1 « i .5uper
if 11 = nil goto jalse

goto L1

where t1.super isthe superclass (parent class) of classtl.

However, there is afaster gpproach using a display of parent classes. Assume that the class nesting depth is limited
to some constant, such as 20. Reserve a 20-word block in each class descriptor. In the descriptor for aclassD

whose nesting depthis j, put apointer to descriptor D in the jth dot, apointer to D.super inthe (j 1)th dot, apointer
to D.super.super indot j 2, andsoonupto Object in dot 0. In al dots numbered greater than j, put nil.

Now, if x isaninstance of D, or of any subclass of D, then the jth dot of x's class descriptor will point to the class
descriptor D. Otherwiseit will not. So x instanceof D requires
1.

Fetch the class descriptor d at offset 0 from object c.



Fetch the jth class-pointer dot from d.

Compare with the class descriptor D.

Thisworks because the class-nesting depth of D isknown at compiletime.

Type coer cions Given avariable c of type C, itisawayslegd totreat ¢ asany supertypeof C - if C extends B, and
vaiable b hastype B, thentheassgnment b cislegad and safe.

But thereverseisnot true. Theassgnment ¢ bissafeonly if bisredly (at runtime) aningtance of C, whichisnot
awaysthe case. If wehave b new B, ¢ b, followed by fetching somefield of ¢ that is part of class C but not class B,
then thisfetch will lead to unpredictable behavior.

Thus, safe object-oriented languages (such as Modula-3 and Java) accompany any coercion from asuperclassto a
subclass with arun-time type-check that raises an exception unlessthe run-time vaueisredly an instance of the
subclass (e.g., unless b ingtanceof C).

It isacommon idiom to write

Modul a- 3: Java:

I F I STYPE(b, O if (b instanceof C)
THEN f ( NARROW( b, O)) f((Ob)
ELSE ... else ...

Now there are two consecutive, identical typetests. one explicit (ISTY PE or instanceof) and oneimplicit (in
NARROW or the cast). A good compiler will do enough flow anadlysisto notice that the then-clause is reached only
if bisinfact aninstance of C, so that the type-check in the narrowing operation can be eliminated.

C++ isan unsafe object-oriented language. It has a static cast mechanism without run-time checking; careless use of
this mechanism can make the program "go wrong" in unpredictable ways. C++ aso hasdynamic_cast with run-time
checking, which islike the mechanismsin Modula-3 and Java

Typecase Explicit instanceof testing, followed by anarrowing cast to asubclass, is not awholesome
"object-oriented” style. Instead of using thisidiom, programmers are expected to use dynamic methods that
accomplish the right thing in each subclass. Neverthdess, the test-then-narrow idiom isfairly common.

Modula-3 has a typecase facility that makes the idiom more beautiful and efficient (but not any more
"object-oriented"):

TYPECASE expr
OF C1 (v1) => S1



| C2 (v2) => S2

| O (vn) => Sn
ELSE SO
END

If the expr evduatesto aningtance of class Ci, then anew variable vi of type Ci pointsto the result of the expr, and
datement S isexecuted. The declaration of vi isimplicit inthe TY PECASE, and its scope coversonly S.

If more than one of the Ci match (which can happen if, for example, oneisa superclass of another), then only thefirst
matching clauseistaken. If none of the Ci match, then the EL SE clause istaken (statement SO is executed).

Typecase can be converted straightforwardly to achain of else-if s, with each if doing an ingtance test, anarrowing,
and alocal variable declaration. However, if there are very many clauses, then it can take along time to go through
dl the else-ifs. Thereforeit is attractive to treat it like a case (switch) statement on integers, using an indexed jump
(computed goto).

That is, an ordinary case statement on integers:

M_: C, Java
case i switch (i) {
of 0 => sO case 0: sO; break
1=> s1 case 1: s1; break
I
2=> S2 case 2: S2; break
I
3=> s3 case 3: S3; break;
I
| 4=> s4 case 4: s4; break
| _=> sd defaul t: sd;
}

iscompiled asfollows: First arange-check comparison is made to ensure that i iswithin the range of caselabels
(0-4, inthis case); then the address of the ith statement isfetched from the ith dot of atable, and control jumpsto S.

This approach will not work for typecase, because of subclassing. That is, even if we could make class descriptors
be small integersinstead of pointers, we cannot do an indexed jump based on the class of the object, because we will
miss clauses that match superclasses of that class. Thus, Modula-3 typecase isimplemented asachain of else-ifs.

Assigning integersto classesis not trivid, because separately compiled modules can each define their own classes,
and we do not want the integers to clash. But asophisticated linker might be able to assign the integersat link time.

If dl the classesin the typecase werefina classes (in the sense used by Java, that they cannot be extended), then
this problem would not apply. Modula-3 does not have final classes; and Java does not have typecase. But aclever
Java system might be able to recognize achain of else-if sthat do instanceof testsfor aset of find classes, and
generate aindexed jump.
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14.5 PRIVATE FIELDSAND METHODS

True object-oriented languages can protect fields of objects from direct manipulation by other objects methods. A
private field is one that cannot be fetched or updated from any function or method declared outside the object; a
private method is one that cannot be called from outside the object.

Privacy isenforced by the type-checking phase of the compiler. In the symbol table of C, dong with each field offset
and method offset, is aboolean flag indicating whether thefield is private. When compiling the expression c.f() or c.x,
it isasmple matter to check that field and rgect accesses to private fields from any method outside the object
declaration.

Thereare many varieties of privacy and protection. Different languages alow

Fields and methodswhich are ble only to the classthat declares them.

Fields and methods accessible to the declaring class, and to any subclasses of that class.

Fields and methods accessible only within the same modul e (package, namespace) as the declaring class.

Feldsthat are read-only from outside the declaring class, but writable by methods of the class.

In generd, these varieties of protection can be statically enforced by compiletime type-checking, for class-based
languages.
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14.6 CLASSLESSLANGUAGES

Some object-oriented languages do not use the notion of class at al. In such alanguage, each object implements
whatever methods and haswhatever datafiedsit wants. Type-checking for such languagesisusudly dynamic (done
at runtime) instead of static (done a compiletime).

Many objects are created by cloning: copying an existing object (or template object) and then modifying some of
thefields. Thus, even in aclasdess language there will be groups ("pseudo-classes') of smilar objectsthat can share
descriptors. When b is created by cloning a, it can share adescriptor with a. Only if anew fidldisadded or a
method field is updated (overridden) does b require anew descriptor.

The techniques used in compiling clasdesslanguages are Smilar to those for class-based languages with multiple
inheritance and dynamic linking: Pseudo-class descriptors contain hash tables that yield field offsets and method
Instances.

The same kinds of globa program analysis and optimization that are used for class-based languages - finding which
method instance will be called from a (dynamic) method call Ste - arejust as useful for clasdesslanguages.
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14.7 OPTIMIZING OBJECT-ORIENTED
PROGRAMS

An optimization of particular importance to object-oriented languages (which aso benefit from most optimizations
that apply to programming languagesin generd) is the conversion of dynamic method cals to satic method-instance
cdls

Compared with an ordinary function cal, at each method call site thereis adynamic method lookup to determine the
method instance. For sngle-inheritance languages, method lookup takes only two ingtructions. Thisseemslikeasmal
cog, but:

M odern machines can jump to constant addresses more efficiently than to addresses fetched from tables.
When the address is manifest in the instruction stream, the processor is able to pre-fetch the ingtruction cache
at the destination and direct the instruction-issue mechanism to fetch at the target of the jump. Unpredictable
jumps stdl the ingtruction-issue and -execution pipdine for savera cycles.

An optimizing compiler that doesinline expanson or interprocedura andysiswill have trouble andyzing the
consequences of acdl if it doesn't even know which method instanceis caled a agiven site.

For multiple-inheritance and clasd esslanguages, the dynamic method-lookup cost is even higher.

Thus, optimizing compilersfor object-oriented languages do globa program anaysis to determine those placeswhere
amethod call isaways caling the same method instance; then the dynamic method call can be replaced by adatic
functioncall.

For amethod cdl c.f(), where cisof class C, type hierarchy analysis is used to determine which subclasses of C
contain methods f that may override C_f. If there is no such method, then the method instance must be C f.

Thisideais combined with type propagation, aform of static dataflow anadysis smilar to reaching definitions (see
Section 17.2). After an assignment ¢ new C, the exact class of ¢ isknown. Thisinformation can be propagated
through theassgnment d ¢, and so on. When d.f() is encountered, the type-propagation information limits the range
of the type hierarchy that might contribute method instancesto d.

Suppose amethod f defined in class C calls method g on this. But g isadynamic method and may be overridden, so
thiscall requires adynamic method lookup. An optimizing compiler may make adifferent copy of amethod instance
C _f for each subclass (e.g., D,E) that extends C. Then when the (new copy) D_f cals g, the compiler knowsto call
theingance D_g without a dynamic method lookup.
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PROGRAM MiniJavaWITH CLASS
EXTENSION

Implement class extension in your MiniJavacompiler.

Team-Fly -
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FURTHER READING

Dahl and Nygaard's Smula-67 language [Birtwistle et a. 1973] introduced the notion of classes, objects, single
inheritance, static methods, instance testing, typecase, and the prefix technique to implement atic single inheritance.
In addition it had coroutines and garbage collection.

Cohen [1991] suggested the display for congtant-time testing of class membership.

Dynamic methods and multiple inheritance appeared in Smaltalk [Goldberg et d. 1983], but the first implementations
used dow searches of parent classesto find method instances. Rose [1988] and Connor et d. [1989] discussfast
hash-based field- and method-access dgorithms for multiple inheritance. The use of graph coloring inimplementing
multiple inheritance isdueto Dixon et a. [1989]. Lippman [1996] shows how C++-style multiple inheritanceis
implemented.

Chamberset al. [1991] describe several techniques to make clasdess, dynamically typed languages perform
efficiently: pseudo-class descriptors, multiple versons of method instances, and other optimizations. Diwan et d.
[1996] describe optimizations for statically typed languages that can replace dynamic method cals by gatic function
cdls

Conventional object-oriented languages choose a method instance for acal af(x,y) based only on the class of the
method receiver (a) and not other arguments (X,y). Languages with multimethods [Bobrow et al. 1989] alow
dynamic method lookup based on the types of al arguments. Thiswould solve the problem of orthogonal directions
of modularity discussed on page 93. Chambers and L eavens [1995] show how to do static type-checking for
multimethods, Amid et d. [1994] and Chen and Turau [1994] show how to do efficient dynamic multimethod lookup.

Nelson [1991] describes Modula-3, Stroustrup [1997] describes C++, and Arnold and Godling [1996] describe
Java
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EXERCISES

*14.1 A problem with the display technique (as explained on page 290) for testing class membership isthat
the maximum dass-nesting depth N must be fixed in advance, and every class descriptor needs N words of
space even if mogt classes are not deeply nested. Design avariant of the display technique that does not
suffer from these problems; it will be acouple of instructions more costly than the one described on page 290.

14.2 The hagh-table technique for finding field offsets and method instances in the presence of multiple
inheritance is shown incompletely on page 289 the case of f ptrx isnot resolved. Choosea
collision-resolution technique, explain how it works, and analyze the extra cost (in instructions) in the case
that f = ptrx(no collison) and f ptrx (colligon).

*14.3 Condder the following class hierarchy, which contains five method-cal Stes. The task isto show
which of the method-call sites cal known method instances, and (in each case) show which method instance.
For example, you might say that "method-instance X_g dwayscdlsY _f; method Z_g may cdl more than

oneinganceof f."
class A i nt
cl ass B extends i nt
cl ass C extends i nt

{ return 1; } }
A {
B {
class D extends C { int
A {
E{

this.f(); return 2;
this.g(); return 3;
this.f(); return 4;
this.f(); return 5;
this.f(); return 6;

cl ass E extends i nt
cl ass F extends i nt

QO hraQ —
—~ N~~~
— — N
e R Rt N e Nate Rate)
—— e o
—— o

Do thisandysisfor each of thefollowing assumptions:
a.

Thisisthe entire program, and there are no other subclasses of these modules.

Thisis part of alarge program, and any of these classes may be extended el sewhere.

Classes C and E arelocal to thismodule, and cannot be extended el sawhere; the other classes may be
extended.

*14.4 Use method replication to improve your andyss of the program in Exercise 14.3. That is, make every
classoverridef and g. For example, in class B (which does not aready overridef), put acopy of method



cl ass
cl ass

Team-Fly

A _f,andin D put acopyof C F:

B extends A{ ... int f() { return1; } }
Dextends C{ ... int f() { this.g(); return 3; } }

Similarly, add new instances E_f, F_f, and C_g. Now, for each set of assumptions (a), (b), and (c), show
which method cals go to known static instances.

**14.5 Devise an efficient implementation mechanism for any typecase that only mentionsfind classes A
fina classisonethat cannot be extended. (In Java, thereisafina keyword; but even in other object-oriented
languages, aclassthat isnot exported from amoduleis effectively find, and alink-time whole-program
anadysis can discover which classes are never extended, whether declared final or not.)

Y ou may make any of the following assumptions, but state which assumptions you need to use:

a.

Thelinker has control over the placement of class-descriptor records.

Class descriptors are integers managed by the linker that index into atable of descriptor records.

The compiler explicitly marksfind classes (in their descriptors).

Code for typecase can be generated at link time.

After the programis running, no other classes and subclasses are dynamicdly linked into the program.
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Chapter 15: Functional
Programming L anguages

func-tion: amathematical correspondence that assigns exactly one eement of one set to each element of the same or
another set

Webgter's Dictionary
OVERVIEW

The mathematica notion of functionisthat if f(x) = a"thistime", then f(x) = a "next time"; thereisno other vaue
equd to f(x). Thisalowsthe use of equational reasoning familiar from agebra: If a = f(x), then g(f(x), f(x)) is
equivdent to g(a, a). Pure functional programming languages encourage akind of programming in which equationa
reasoning works, asit doesin mathematics.

I mperative programming languages have smilar syntax: a f(x). But if wefollow thisby b f(x), thereis no guarantee
that a = b; thefunction f can have side effects on globd variables that makeit return adifferent vaue each time.
Furthermore, a program might assgn into variable x between callsto f(x), so f(x) redly meansadifferent thing each
time

Higher-order functions Functiona programming languages aso alow functionsto be passed as argumentsto other
functions, or returned as results. Functions that take functional arguments are called higher-order functions.

Higher-order functions become particularly interesting if the language aso supports nested functions with lexical
scope (aso caled block structure). Lexica scope meansthat each function can refer to variables and parameters of
any functioninwhichitisnested. A higher-order functional language is one with nested scope and higher-order
functions.

What is the essence of functiona programming? Isit equational reasoning or isit higher-order functions? Thereisno
clear agreement about the answer to thisquestion. In this chapter we will discussthree different flavors of “functiond™

languege:

FunJava The MiniJavalanguage with higher-order functions. Because side effects are still permitted (and
thus, equational reasoning won't work), thisisan impure, higher-order functional language; other such



languages are Scheme, ML, and Smalltalk.

PureFunJava A language with higher-order functions and no side effects, capturing the essence of strict,
pure functional languages (like the pure functiona subset of ML).

LazyFunJava A nonstrict, pure functional language that uses lazy evauation like the language Haskell.
Nondtrict pure functional languages support equationa reasoning very well (see Section 15.7).

A first-order, pure functional language such as SISAL supports equationa reasoning but not higher-order
functions.
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15.1A SIMPLE FUNCTIONAL LANGUAGE

To make the new language Fun-MiniJava, we add function types to MiniJava

Cl assDecl type id = TypeExp ;
TypeExp TypeExp -> TypeExp
( TypeList ) -> TypeExp
( TypeExp )

Type Typeli st
TypeExp TypeRest *

TypeRest , TypeExp

Thetypeint->String isthe type of functionsthat take asingle integer argument and return astring result (assuming a
class String isdeclared). The type (int,String)->int[] describes functions that take two arguments (one integer, one
string) and return an array-of-integers result.

Any variable can have afunctiond type; functions can be passed as arguments and returned asresults. Thus, the type
(int->int)->(int)->int is perfectly legd; the -> operator is right-associative, so thisisthe type of functionsthat take an
int->int argument and return an int->int result.

We adso modify the format of a CALL expression, so that the function being called isan arbitrary expression, without
the .methodname component, and so that amethod itsalf can be the result of an expression:

Exp Exp ( ExpList )
Exp Exp . id

If visan object of aclasswith amethod int m(int[]), then the expression v.m eva uatesto afunction va ue of type
(int[])->int. Evauating v.m does not cal the method.

We permit variable declarations and function (method) declarations at the beginning of acompound statement (i.e.,
functions are nested). We removetheif statement and add an if expression: That is, (if (E) B dse C) evauates E, and
then evduates Bif E istrue, otherwise evduates C. Thevdue of the entireif expressonisthevaueof Bor C.

Met hodDecl public Type id ( FormalList ) Conpound
Conpound { VarDecl * MethodDecl * Statenent* return Exp ;}
Exp Conpound

if ( ExXp ) Exp else Exp

Findly, weinterpret the meaning of return differently: Instead of producing the result for an entire function body, it
produces the result of its own compound statement. Thus, the expression {return 3;} +{ return 4;} evaluatesto 7.



Program 15.1 illustrates the use of function types. The function add takes an integer argument n and returns afunction
h. Thus, addFiveisaverson of hwhosenvariableis5, but addSeven isafunction h(x) = 7 + x. The need for each
different instance of hto "remember” the appropriate vaue for a nonlocal variable n motivates the implementation
technique of closures, which isdescribed later.

PROGRAM 15.1: A FunJava program.

intfun = int ->int;

class C{

public intfun add(n: int) {
public int h(int n) { return n+m}
return h;

}

public intfun twice(f: intfun) {
public int g(int x) {return f(f(x));}
return g;

}

public int test() {
i ntfun addFi ve = add(5);
i ntfun addSeven = add(7);
int twenty = addFi ve(15);
i nt twentyTwo addSeven(15);
i ntfun addTen twi ce(addFive);
int seventeen = twi ce(add(5))(7);
i ntfun addTwentyFour = twi ce(tw ce(add(6)));
return addTwent yFour (sevent een);

The function twice takes an argument f that isafunction from int to int, and the result of twice(f) isafunction g that
gppliesf twice. Thus, addTen isafunction g(x) = addFive(addFive(x)). Each instance of g(x) needsto remember the
right f value, just as each instance of h needs to remember n.
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15.2 CLOSURES

In languages (such as C) without nested functions, the run-time representation of afunction vaue can be the address
of the machine code for that function. This address can be passed as an argument, stored in avariable, and so on;
whenitistimeto cal the function, the addressis|oaded into amachine register, and the"call to address contained in
register” indruction isused.

In the Tree intermediate representation, thisis easy to express. Suppose the function sarts at label L123; we assign
the addressinto avariable t57 usng

MOVE( TEMP( t 57) NAVE( L123))

and then cdl the function with something like

CALL(TEMP(t57),... paraneters ...).

But thiswill not work for nested functions; if we represent the h function by an address, in what outer frame can it
accessthe variable n? Similarly, how doesthe g function accessthe variable f?

The solution isto represent afunction variable as a closure: arecord that contains the machine-code pointer and a
way to access the necessary nonlocdl variables. Thisisvery much like an object with asingle method (the
meachine-code pointer) and severa ingtance variables. The portion of the closure giving accessto values of variables
isoften cdled the environment.

Closures need not be based on objects; any other data structure that gives accessto nonlocal variableswill do.
However, in this chapter we will use objectsfor smplicity.

HEAP-ALLOCATED ACTIVATION RECORDS

Thelocd variablesfor add must not be destroyed when add returns, because nis till needed for the execution of h.
To solve this problem, we can create a hegp-alocated object to hold each function'sloca variables, then we rely on
the garbage collector to reclaim the object when dl references (including inner-nested function values) have
disappeared.

A refinement of thistechnique isto save on the hegp only those variablesthat escape (that are used by inner-nested
functions). The stack framewill hold spilled registers, return address, and so on, and dso apointer to the
escaping-variable record. The escaping-variable record holds (1) any local variablesthat an inner-nested
procedure might need and (2) a pointer to the environment (escaping-variable record) provided by the enclosing
function. This pointer from one closure to the closure of the statically enclosing function is called the static link; see

Figure 15.2.
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15.3IMMUTABLE VARIABLES

The FunJavalanguage has higher-order functions with nested scope, but it is till not redlly possible to use equational
reasoning about FunJava programs. That is, f(3) may return adifferent value each time. To remedy this Situation, we
prohibit side effects of functions: When afunctioniscaled, it must return aresult without changing the "world" in any
observableway.

Thus, we make anew pure functional programming language PureFunJava, in which the following are prohibited:

Assgnmentsto variables (except asinitidizationsin variable declarations);

Assgnmentsto fields of hegp-allocated records (except initidizationsin the class congructor);

Cdlsto externd functionsthat have visble effects: printin.

Todigtinguish clearly between initializing instance varigbles (which is permitted) and updating instance variables
(whichisnat), we require that every class have acongtructor in aspecia, stereotypica form that initidizesdl the
ingance variables:

d assDecl class id { VarDecl * MethodDecl * Constructor }
Const ruct or public id ( FormalList ){ Init*}
I nit this . id =id

This seemsrather Draconian: How isthe program to get any work done? To program without assgnments, ina
functiona style, you produce new vauesinstead of updating old ones. For example, Program 15.3 showsthe
implementation of binary search treesin imperative and functional styles. Asexplained in Section 5.1 (page 108), the
imperative program updates atree node, but the functiona program returns anew tree much like the old one, though
the path from the root to a"new" leaf has been copied. If welet t1 bethetreein Figure 5.4a on page 108, we can say

PROGRAM 15.3: Binary search treesimplemented in two ways.

tree {
tring key; int binding; tree left; tree right;

public tree(String key, int binding, tree left, tree right) {
t hi s. key=key; this. bindi ng=bi ndi ng;
this.left=left; this.right=right;

}

public int look(String k) {
int ¢ = key.conmpareTo(k);



if (c <0) return left.look(k);
else if (¢ > 0) return right.!|ook(k);
el se return binding;

}

public void enter(String k, int b) {
int ¢ = key.conmpareTo(k);
if (c <0)
if (left==null)
left = new tree(k, b, null,null);
el se left.enter(k,b);
else if (c >0
if (right==null)
right = new tree(k, b, null,null);
el se right.enter(k,b);
el se bi ndi ng=b;

(a) Inperative, object-oriented Java

/1 Aternative inplenentation of enter
public tree enter(String k, int b) {
int ¢ = key. conpareTo(k);
if (c <0)
if (left==null)
return new tree(k,b,null,null);
el se return left.enter(k,b);
else if (c >0
if (right==null)
return new tree(k,b,null,null);
el se return right.enter(k, b);
el se return new tree(k, b,left,right);

(b) Functional, object-oriented Java

!2 = tl.enter("nmouse", 4);

and now t1 and t2 are both available for the program to use. On the other hand, if the program returns t2 as the result
of afunction and discardst1, then the root node of t1 will be reclaimed by the garbage collector (the other nodes of
t1 will not be reclaimed, because they are ill in use by treet2).

Similar techniques can dlow functiona programsto express the same wide variety of algorithmsthat imperative
programs can, and often more clearly, expressively, and concisdly.

CONTINUATION-BASED 1/0

Producing new data structuresinstead of updating old ones makes it possible to obey the "no assgnments’ rules, but
how isthe program to do input/output? The technique of continuation-based 1/0 expressesinput/output in a
functiond framework. Asshown in Program 15.4, the predefined types and functionsin PureFunJavarely on the
notion of an answer: Thisisthe"result” returned by the entire program.

PROGRAM 15.4: Built-in types and functions for PureFunJava.




type answer /! a special, built-in type
type intConsuner = int -> answer
type cont = () -> answer

class Contl O {
public answer readByte (intConsuner c);
public answer putByte (int i, cont c);
public answer exit();

MiniJava doesn't have an input function, but if it did, the type would be straightforward: something like int readByte().
To express thiswithout side effects, PureFundavas readByte takes an argument that is aint-Consumer and passes
the newly read integer to that consumer. Whatever answer the consumer produces will aso be the answer of the
readByte.

Similarly, putByte takes a character to print aswell asa continuation (cont); putByte outputs a character and then
calsthe cont to produce an answer.

The point of these arrangementsisto alow input/output while preserving equationa reasoning. Interestingly,
Input/output isnow "visible" to the typechecker: Any function which does1/0 will have answer initsresult type.

LANGUAGE CHANGES

The following modifications of FunJavamake the new language PureFunJava:

Add the predefined types and class shown in Program 15.4, and remove System.out.printin.

Assgnment statements and while loops are deleted from the language, and each compound statement (in
braces) can have only one statement after its variable declarations.

Program 15.5 shows a complete PureFunJava program that loops, reading integers and printing the factoria of each
integer, until an integer larger than 12 isinpuit.

PROGRAM 15.5:; PureFunJava programto read i, print i!.

Factorial {

lean isDigit (int c) {

return ¢ >= 48 && ¢ <= 48+49; // 48 == (int)' 0O
}

public answer getlnt(intConsumer done) {
public answer nextDigit(int accum {
public answer eatChar(int dig) {
return if (isDigit(dig))
next Di gi t (accunt 10+di g- 48)
el se done(accum;



}
return Contl O readByt e(eat Char);

}
return nextDigit(0);
}
answer putlint(int i, cont c¢) {
return if (i==0)
c()
el se {
int rest =i/10;
int dig=1i - rest * 10;
public answer doDigit() { return Contl QO putByte(dig,c); }
return putint(rest, doDigit);
S
}

int factorial (int i) {
return if (i==0) 1 else i * factorial(i-1);
}

answer loop (int i) {
return if (i > 12) Contl QO exit()
el se {
public answer next() { return getlint(loop); }
return putint(factorial (i), next);

}

public static answer main (String [] argv) {
return getlnt(loop);
}

}

OPTIMIZATION OF PURE FUNCTIONAL LANGUAGES

Because we have only deleted features from FunJava, and not added any new ones (except changing some
predefined types), our Fundava compiler can compile PureFundavaright away. And, in generd, functiond-language
compilers can make use of the same kinds of optimizations asimperative- language compilers: inline expansion,
ingtruction selection, loop-invariant andysis, graph-coloring register alocation, copy propagation, and so on.
Cadlculating the control-flow graph can be abit more complicated, however, because much of the control flow is
expressed through function calls, and some of these calls may to be function variablesinstead of satically defined
functions

A PureFunJava compiler can dso make severa kinds of optimizations that a FunJava compiler cannot, because it can
take advantage of equationd reasoning.

Congder this program fragment, which builds arecord r and then later fetchesfiddsfromiit:

class recrd {int a; int b;
public recrd(int a, int b) {this.a=a; this.b=b;}
}

int al
int bl

a



recrd r = new recrd(al, bl);

int x = f(r);

int y r.a + r.b;

In apure functiona language, the compiler knows that when the computation of y referstor.aandr.b, itisgoing to
get the values al and bl. In animperative (or impure functiond) language, the computation f(r) might assgn new
vauesto thefields of r, but not in PureFunJava

Thus, within the scope of r every occurrence of r.a can be replaced with al, and smilarly b1 can be substituted for
r.b. Also, since no other part of the program can assign any new valueto al, it will contain the same vaue (5) for dl
time. Thus, 5 can be substituted for al everywhere, and 7 for bl. Thus, we end up with int y = 5+7, which can be
turned into int y = 12; thus, 12 can be substituted for y throughout its scope.

The samekind of subgtitution works for imperative languagestoo; it'sjust that acompiler for an imperative language
Isoften not sure whether afield or variable is updated between the point of definition and the point of use. Thus, it
must conservatively approximate - assuming that the variable may have been modified - and thus, in most cases, the
subgtitution cannot be performed. See dso aliasanalysis (Section 17.5).

The ML language has pure functiona records, which cannot be updated and on which this substitution transformation
isawaysvalid, and aso has updatable reference cells, which can be assigned to and which behave like recordsin a
conventiond imperative language.
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15.4 INLINE EXPANSION

Because functiona programs tend to use many smal functions, and especidly because they pass functionsfrom one
place to another, an important optimization techniqueis inline expansion of function cdls: replacing afunction cal
with acopy of the function body.

For example, in Program 15.6, an observelnt isany function (like the putint of Program 15.5) that "observes' an
integer and then continues. doList isafunction that applies an observer f to alist |, and then continues. In this case,
the observer isnot putint but printDouble, which prints i followed by 2i. Thus, printTable prints atable of integers,
each followed by itsdouble.

PROGRAM 15.6: printTable in PureFunJava.

list {int head; list tail
public list (int head, list tail) {
thi s. head=head; this.tail=tail
1}

type observelnt = (int,cont) -> answer;

class PrintT {

public answer doList (observelnt f, list |, cont c) {
return if (l===null)
c();
el se {
public answer doRest() {return doList(f, I|.tail, c);}

return f(l.head, doRest);
}
public int double(int j) {return j+;}
public answer printDouble(int i, cont c) {

public answer again() {return putlnt(double(i), c);}
return putint(i, again);

}

public answer printTable(list |, cont c) {
return dolList(printDouble, |, c);

}

public static void main(string argv[]) {
list nylist = ... ;
return printTable(nylist, 1O exit);

}

For comparison, Program 15.7a isaregular Java program that does the same thing.

PROGRAM 15.7: Javaimplementation of printTable.




class list {int head; int tail;}

class PrintT {

int double(int j) {return j+j;} class list {int head; int tail;}
void printDouble(int i) { class PrintT {
putint(i); putlnt(double(i)); void printTable(list |) {
} while (I !'=null) {
int i =1.head;
void printTable(list I) { putlnt(i);
while (I !'=null) { putlnt (i+1);
print Doubl e(l . head); I =1.tail;
| =1.tail; }
} }
public static void main(...){ public static void main(...){
print Tabl e(mylist); print Tabl e(mylist);
1} 1}
(a) As written (b) Optinzed

Program 15.6 uses ageneric list-traverser, doList, for which any function can be plugged in. Althoughin this case
printDoubleis used, the same program could reuse doL.ist for other purposesthat print or "observe' dl theintegersin
thelist. But Program 15.7a lacksthisflexibility - it calls printDouble directly.

If compiled naively, the pure functiona program - which passed print- Double as an argument - will do many more
function calsthan theimperative program. By using inline expansion and tail-call optimizations (described in Section
15.6), Program 15.6 can be optimized into machine ingtructions equivalent to the efficient loop of Program 15.7b.

Avoiding variable capture Wemust be careful about variable names when doing inlining in MiniJava(or Java),
where alocd declaration createsa"hol€e" in the scope of an outer variable:

class A {

lint x =5

2 int function g(int y) {

3 return y+x;

}

int f(int x) {
return g(1) +x;

}
6 void main() { ... f(2)+x ... }

4
5

Theforma parameter x on line 4 creates ahole in the scope of the variable x declared on line 1, so that the x on line
5 refersto the forma parameter, not the variable. If wewereto inline-expand the call to g(1) on line 5 by substituting
the body of g for the call, we could not smply write 1+x, for then we'd have

4 int f(int x) {
5 return return 1+x; +x; }

but the first x on line 5 is now incorrectly referring to f's parameter instead of the variable declared on line 1.

To solvethis problem, we could first rename, or -convert, the forma parameter of f, then perform the substitution:



2 int function g(int y) { int function g(int y) {

3 return y+x; return y+x;
} }

4 int f(int a) { int f(int a) {

5 return g(1l)+a; return {return 1+x;}+a;
} }

Alternatdly, we can renamethe actual parametersinstead of the forma parameters, and define the substitution
function to avoid subgtituting for x inside the scope of anew definition of x.

But the best solution of all for avoiding variable captureisto have an earlier pass of the compiler renamedl variables
S0 that the same variable nameis never declared twice. This smplifies reasoning about, and optimizing, the program.

By the way, the expression {return 1+x;} inline 5 iscompletely equivaent to the expression (1+x).

Rulesfor inlining Algorithm 15.8 givesthe rulesfor inline expansion, which can gpply to imperative or functional
programs. The function body Bisused in place of the function cal f( ), but within this copy of B, each actual
parameter is substituted for the corresponding formal parameter. When the actual parameter isjust avariableor a
congtant, the subdtitution is very smple (Algorithm 15.8a). But when the actual parameter isanontrivia expresson,
wemust first assign it to anew variable (Algorithm 15.8b).

ALGORITHM 15.8: Inline expansion of function bodies. We assume that no two declarations declare the same
name.

.m the actual parametersaresimplevariablesil,, (b) When the actud parameters are nontrivia

in. Within the scope of: expressons, not just variables. Within the scope of:
int f(a1,..., an) B int f(a1,..., an) B
(where B is a Conpound) the expression the expression f(E1,..., En) rewites to
f(ig, ..., in) {int i1 = E1;
remrites to
int in = En;
Blali i1,..., an inj return Blal i1,..., an in];
}
where i11,..., in are previously unused
names

For example, in Program 15.6 the function cal double(i) can be replaced by acopy of j+j in which each j isreplaced
by the actual parameter i. Here we have used Algorithm 15.8a, sincei isavariable, not amore complicated
expression.

Suppose we wish to inline-expand double(g(x)); if weimproperly use Algorithm 15.8a, we obtain g(x)+g(x), which
computes g(x) twice. Even though the principle of equationa reasoning assures that we will compute the same result
each time, we do not wish to dow down the computation by repeating the (potentialy expensive) computation g(x).
Instead, Algorithm 15.8b yidds




{int i =g(x); returni+i;}

which computes g(x) only once.

In an imperative program, not only isg(x)+g(x) dower than

{int i =g(x); return i+i;}

but - because g may have sde effects - it may compute adifferent result! Again, Algorithm 15.8b doestheright thing.

Dead function elimination If al the calsto afunction (such as double) have been inline-expanded, and if the
function is not passed as an argument or referenced in any other way, the function itself can be deleted.

Inlining recur sive functions Inlining doLigt into printTable yie ds this new verson of printTable:

public answer printTable(list |, cont c) {
return if (1===null)
c();
el se {

public answer doRest () {
return doList(printDouble, I.tail, c);
}

return printDoubl e(l.head, doRest);

Thisisnot so good: printTable calls printDouble on |.head, but to process|.tail it calsdoList as before. Thus, we
have inline-expanded only the first iteration of the loop. We would rather have afully customized version of
doRegt; therefore, we do not inline-expand in thisway.

For recursive functions we use a loop-preheader transformation (Algorithm 15.9). Theideaisto split f into two
functions a prelude caled from outside, and a loop header caled frominsde. Every cal to theloop header will bea
recursive cal from within itsdf, except for asingle cal from the prelude. Applying thistransformation to doList yields

ALGORITHM 15.9: L oop-preheader transformation.

!pu I'c answer doList (observelnt fX list I X cont ¢cX) {

public answer doLi st X(observelnt f, list I, cont c) {
return if (l==null)
c();
el se {
public answer doRest() {return doListX(f, |.tail, c);}

return f(l.head, doRest);



return doLi st X(fX I X ¢cX)
}

wherethe new doList isthe prelude, and doListX istheloop header. Notice that the prelude function containsthe
entireloop as an interna function, so that when any call to doList isinline-expanded, anew copy of doListX comes
dongwithit.

L oop-invariant arguments In thisexample, the function doListX ispassng around the valuesf and c that are
invariant - they are the samein every recursivecal. In each case, f isfX and ciscX. A loop-invariant hoisting
transformation (Algorithm 15.10) can replace every use of f with fX, and c with cX).

ALGORITHM 15.10: Loop-invariant hoisting.

of fwithinB isof theformf (EL, , E 1, ai, Ei + 1, , En) suchthat the i thargument isaways ai, then
rewrite

. " ’ r o e ] ’ r ’
ine fia)..... a il ine fl@. ... 08 _ . 0.8 .. ... a1
int flm..... a0 8 int flay..... PSR TR B
1l ¥ v —* r ) P
return fldy..... 4.} return f(ay. ..., Ayl e e

Whereevery cdl f (EL, , B 1, a, E +1, , En)withinBisrewrittenasf (E1, ,E 1, E +1, , En).

Applying thistransformation to doList yields

public answer doList (observelnt f, list I X cont c) {
public answer doListX(list |) {
return if (I==null)
c();
el se {
public answer doRest() {return doListX(l.tail);}
return f(l.head, doRest);
b
}
return doLi st X(1X)

Findly, in printTable, when the call doList(printDouble)l,c) isinlined, we obtain:

public answer printTable(list |, cont c) {
public answer doListX(list I) {
return if (lI==null)
c();
el se {
public answer doRest() {return doListX(l.tail);}
return printDoubl e(l.head, doRest);
b
}
return doListX(l);



Cascading inlining In thisversion of printTablewehave printDouble applied to arguments (instead of just passed to
doLigt), so we can inline- expand that call, yielding

public answer printTable(list |, cont c) {

public answer doListX(list |) {
return if (I==null)

c();

el se {
public answer doRest() {return doListX(l.tail);}
return {
int i =1.head,;

public answer again() {return putlnt(i+i, doRest);}
return putint(i, again);

|
b

}

return doListX(l);

Avoiding code explosion Inline-expansion copiesfunction bodies. This generadly makes the program bigger. If done
indiscriminantly, the size of the program explodes; in fact, it is easy to consiruct cases where expanding one function
cal creates new instances that can aso be expanded, ad infinitum.

There are severd heurigticsthat can be used to control inlining:

1.

Expand only those function-cal stesthat are very frequently executed; determine frequency ether by static
estimation (loop-nest depth) or by feedback from an execution profiler.

Expand functions with very smal bodies, so that the copied function body is not much larger than the
ingtructions that would have called the function.

Expand functions cdled only once; then dead function elimination will deletethe origind copy of the
function body.

Unnesting braces Since the FunJavaexpresson

{ Decl1 return { Decl2 return Exp}}

isexactly equivdent to

{ Decl 1 Decl 2 return Exp}

we end up with Program 15.11.

PROGRAM 15.11: printTable as automaticaly speciaized.




1 public answer printTable(list |, cont c) {

2 public answer doListX(list I) {

3 return if (l==null) c()

4 el se {public answer doRest() {

5 return doListX(l.tail);}
6 int i =1.head;

7 publ i c answer again() {

8 return putlnt(i+i,doRest); }
9 return putlnt(i,again);

10 }

11 return doListX(l);

12 }

The optimizer has taken a program written with abstraction (with a general- purpose doList) and transformed it into a
more efficient, specia-purpose program (with aspecia-purpose doListX that cals putint directly).

. 4 Previous | Mext b
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15.5 CLOSURE CONVERSION

A function passed as an argument is represented as a closure: acombination of a machine-code pointer and ameans
of accessing the nonloca variables (A so caled free variables).

An example of anonlocd variable in an object-oriented language is an ingance variable of aclass. A method
referring to an instance variable accesses it through this, which isan implicit formal parameter of the method. One
way to compile free-variable access for nested functionsisto represent closures as objects.

The closure conversion phase of afunctional-language compiler transforms the program so that none of the
functions appearsto access free (nonlocal) variables. Thisis done by turning each free-variable accessinto an
instance-variable access.

Some local variables declared in afunction f are a so accessed by functions nested within f; we say these variables
escape. For example, in Program 15.5, in the function putint, the variables dig and ¢ escape (because they are used
in the inner-nested function doDigit), but the variable rest does not escape.

Givenafunction f(al, , an) B at nesting depth d with escaping loca variables (and forma parameters) x1, X2, , xn
and nonescaping variables yl, , yn, we can rewriteinto

f(this, a1,..., an) {
c272 r = newc272(this, X1, X2,..., Xn);
return B

]

The new parameter thisisthe closure pointer, now made into an explicit argument. The varigble r isan object
containing dl the escaping variables and the enclosing closure pointer. This r becomes the closure-pointer argument
when caling functions of depth d + 1. The class (in this case c272)hasto be made up specialy for each function,
because thelist of escaping variables (and their types) is different for each function.

Any use of anonloca variable (one that comes from nesting depth < d) within B must be transformed into an access
of some offsat within the record this (in the rewritten function body B ).

Function values We can represent a function va ue as an object with asingle method (which we will call exec) and
zero or more instance variables (to hold nonloca variables). We will represent the typetl -> t2 asthe class

abstract class c_t1 t2 { abstract public t2 exec(tl x); }

and any actua function vaue belonging to thistypewill be an extension of this class, adding insdtance variables and
overriding exec.



Program 15.12 isthe result of closure-converting Program 15.11. We can see that each function type is an abstract
class, and each function isa different subclass of the abstract class. Escaping local variables are put into the closure
objects of inner-nested functions. Furthermore, when functions are deeply nested, it's often useful for the closure of
the inner-nested function to have alink to the enclosing function's closure for convenient access to variables of
functionsfurther out.

PROGRAM 15.12: printTable after closure conversion (class constructors omitted).

.act class cont {

abstract public answer exec(); }

abstract class c_list_cont_answer {
abstract public answer exec(list I, cont c); }

class printTable extends c_list_cont_answer {
public answer exec(list |, cont c¢) {
doListX r1 = new doListX(this, c);
return rl. exec(l);

b}

abstract class c_list_answer {
abstract public answer exec(list |); }

cl ass doListX extends c_list_answer {

printTabl e |ink;

cont c;

public answer exec (list |) {

return if (I==null) c.exec()
el se {doRest r2 = new doRest(this,|);

int i =1.head,;
again r3 = new agai n(i, doRest);
return putlnt.exec(i,again);

} }

abstract class c_void answer { abstract public answer exec(); }

cl ass doRest extends c_void answer {
doLi st X I'i nk;
list I;
public answer exec() {
return doLi st X exec(l);

Pl

cl ass agai n extends c_void_answer {
int i;
doRest d;

public answer exec() {
return putint(i+i, d);
Pl
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15.6 EFFICIENT TAIL RECURSION

Functiona programs express loops and other control flow by function cals. Where Program 15.7b has a while loop,
Program 15.12 hasafunction call to doListX. Where Program 15.7b's putlnt smply returnsto its two points of cal
within printTable, Program 15.11 has continuation functions. The FunJava compiler must compilethe calsto
doListX, doRest, and again as efficently as the MiniJava compiler compiles|oops and function returns.

Many of thefunction callsin Program 15.11 arein tail position. A function cal f(x) within the body of another
function g(y) isintail podtionif "caling f isthelast thing that g will do before returning.” More formaly, in each of the
following expressions, the Bi areintail contexts, but the Ci are not:

1.

{intx = C1, return B1;}
C1(C2
if ClBldse B2

Cl+C2
For example, C2in expresson 4 isnot in atail context, even though it seemsto be"last”, because after C2

completestherewill ill need to be an add ingruction. But B1 in expression 3isin atail context, even though it is not
"lag" syntecticdly.

If afunction cdl f(X) isin atail context with respect to its enclosing expression, and that expressonisin atail context,
and so on dl the way to the body of the enclosing function definitionint g(y) B, then f(x) isatail cal.

Tail calscan beimplemented more efficiently than ordinary cdls. Given

int g(int y) {int x = h(y); return f(x)}

then h(y) isnot atail call, but f(x) is. When f(X) returns some result z, then z will aso be the result returned from g.
Instead of pushing anew return addressfor f to return to, g could just givef the return address given to g, and have f
return there directly.

That is, atail cal can beimplemented morelike ajump than acdl. The sepsfor atall cal are

1.

Move actud parametersinto argument registers.



Restore callee-saveregisters.

Pop the stack frame of the calling function, if it has one.

Jump tothecdlee.

In many cases, item 1 (moving parameters) is iminated by the copy-propagation (coa escing) phase of the compiler.
Often, items 2 and 3 are diminated because the calling function has no stack frame - any function that can do dll its
computation in caller-save registers needs no frame. Thus, atail call can be as cheap asajump ingruction.

In Program 15.12, every cdl isatail cal! Also, none of the functionsin this program needs astack frame. Thisneed
not have been true; for example, the cal to doublein Program 15.6 isnot in tail position, and thisnontail call only
disappeared because the inline-expander did away withiit.

Tail callsimplemented asjumps The compilation of Programs 15.12 and 15.7b isingructive. Figure 15.13 shows
that the pure functiona program and the imperative program are executing almost exactly the sameingtructions! The
figure does not show the functional program's fetching from static-link records; and it does not show the imperative
program's saving and restoring calee-save regiders.

I

print Tabl e: al l ocate object ril print Tabl e: al | ocate stack frane
junp to doListX junp to whilelL
doLi st X: all ocate record r2 whi | eL:
if I=nil goto doneL if I=nil goto doneL
i =1.head i :=1.head
al | ocate object r3
junp to putlnt call putlnt
agai n: add this.i+this.i add i +i
junp to putlnt call putlnt
doRest : junp to doListX junp to whilelL
donelL : junp to this.c donelL: return
(8 Functiona program (b) Imperative program

. 15.13: printTable as compiled.

The remaining inefficiency in the functiona program isthat it creates three hegp-alocated objects, r1,r2,r3, whilethe
imperative program creates only one stack frame. However, more advanced closure-conversion agorithms can
succeed in creating only one record (at the beginning of printTable). So the difference between the two programs
would be little more than a heap-record creation versus a stack-frame creation.



Alloceti

ng object on the garbage-collected heap may be more expensive than pushing and popping a stack frame.

Optimizing compilersfor functional languages solve this problem in different ways:

Team-Fly

Compile-time escape analysis can identify which closures do not outlive the function that creates them.
These objects can be stack-allocated. In the case of printTable, thiswould make the "functional” code almost
identical to the "imperative’ code.

Or heap alocation and garbage collection can be made extremely chegp. Then creating (and garbage
collecting) aheap-allocated object takes only four or five ingructions, making the functiond printTable dmost
asfast asthe imperative one (see Section 13.7).
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15.7LAZY EVALUATION

Equationd reasoning aidsin understanding functional programs. One important principle of equationa reasoning is -
substitution: If f(x) = B with somefunction body B, then any application f(E) to an expression E isequivdent to B
with every occurrence of X replaced with E:

f (x) = Bimpliesthat f (E) Blx E]

But consider the PureFunJava program fragments,

{int loop (int z) { {int loop (int z) {
return if (z>0) z return if (z>0) z
el se loop(z); el se | oop(2);
} }
int f (int x) { int f (int x) {
return if (y>8) x return if (y>8) x
el se -vy; el se -vy;
} }
return return if (y>8) |oop(y)
f (1 oop(y)); el se -y;
} }

If theexpression Bisif (y>8) x ese-y, and expression E isloop(y), then clearly the program on the left contains f(E)
and the program on the right contains B[x E]. So these programs are equivalent, using equationa reasoning.

However, the programs do not always behave the same! If y =0, then the program on the right will return O, but
the program on the left will first get stuckinacallto loop(0), which infinite-loops.

Clearly, if we want to claim that two programs are equivaent, then they must behave the same. In PureFunJava, if we
obtain program A by doing substition on program B, then A and B will never give different results if they both halt;
but A or B might not hat on the same set of inputs.

To remedy this (partid) failure of equationa reasoning, we can introduce lazy evaluation into the programming
language. Haskdll isthe most widely used lazy language. A program compiled with lazy evauation will not evaluate
any expression unlessits value is demanded by some other part of the computation. In contrast, strict languages such
as MiniJava, PureFundava, ML, C, and Java eva uate each expression as the control flow of the program reachesit.

To explore the compilation of lazy functiona languages, we will use the LazyJavalanguage. Its syntax isidenticd to
PureFunJava, and its semantics are amost identica, except that lazy evauation isused in compiling it.

CALL-BY-NAME EVALUATION



Most programming languages (Pascd, C, ML, Java, MiniJava, PureFunJava) use call-by-val ue to pass function
arguments. To compute f(g(x)), first g(x) is computed, and thisvalueis passed to f. But if f did not actualy need to
useitsargument, then computing g(x) will have been unnecessary.

To avoid computing expressions before their results are needed, we can use call-by-name evauation. Essentidly,
each variableisnot asmplevaue, but isa thunk: afunction that computes the value on demand. The compiler
replaces each expression of type int with afunction value of type ()->int, and smilarly for al other types.

At each place where avariableis created, the compiler creates afunction value; and everywhere avariable is used,
the compiler puts afunction application.

Thusthe LazyJava program

{int a =5+47; return a + 10; }

isautomatically transformed to

{int a() {return 5+7;} return a() + 10; }

Where are variables created? At variable declarations and at function-parameter bindings. Thus, each variable turns
into afunction, and a each function-call ste, we need alittle function declaration for each actud-parameter
expresson.

Program 15.14 illugtrates this transformation gpplied to the look function of Program 15.3a.

PROGRAM 15.14: Call-by-name transformation applied to Program 15.3a.

cvoid.int = () ->int;
c_void tree = () -> tree;

class tree {
c_void _String key;
c_void_int binding;
c_void tree left;
c_void tree right;

}

public ¢ _void_ int look(c_void treet, c void String k) {
c void int ¢ = t().key().conmpareTo(k);
if (c() <0) return look(t().left, k);
else if (c() >0) return look(t().right, k);
el se return t().binding;

The problem with cdl-by-nameisthat each thunk may be executed many times, each time (redundantly) yielding the
same vaue. For example, suppose thereis atree represented by athunk t1. Each timelook(t1,k) iscaled, t1() is
evauated, which rebuilds the (identica) tree every timel



CALL-BY-NEED

Lazy evauation, dso caled call-by-need, isamodification of cal-by-name that never evaluates the same thunk
twice. Each thunk is equipped with a memo dot to store the value. When the thunk isfirst created, thememo dot is
empty. Each evauation of the thunk checksthe memo dot: If full, it returnsthe memo-ized vaue; if empty, it callsthe
thunk function.

To streamline this process, we will represent alazy thunk as an object with a thunk function, a memo slot, and (as
with any closure object) instance variables to represent free variables as necessary for use by the thunk function. An
unevaluated thunk has an empty memo dot, and the thunk function, when called, computes avaue and putsit in the
memo dot. An evaluated thunk hasthe previoudy computed vauein its memo dot, and itsthunk function just
returns the memo-dot value.

For example, the LazyJava declaration int twenty = addFive(15) (in Program 15.1) is compiled in acontext where
the environment pointer EPwill point to arecord containing the addFive function. The representation of addFive(15)
Isnot afunction cal that will go and compute the answer now, but athunk that will remember how to computeit on
demand, later. We might trandate thisfragment of the LazyJava program into FunJavaasfollows:

/* this already points to a record containing addFive */
c_void_int twenty = new int Thunk(this);

which is supported by the auxiliary declarations

class intThunk {public int eval(); int meno; bool ean done; }

class c_int_int {public int exec(int x);}
class intFuncThunk {public c_int_int eval ();
c_int_int meno; bool ean done; }

cl ass twentyThunk extends intThunk {
i nt FuncThunk addFi ve;
public int exec() {

if (!done) {
meno = addFi ve. eval (). exec(15);
done = true;

}

return neno;

}
t went yThunk(addFi ve) {this.addFi ve=addFi ve;}

}

twentyThunk twenty = new twentyThunk(...);

To create athunk such astwenty, it must be given vauesfor itsfree variables (in this case, addFive) so that when it

later evaluates, it has dl theinformation it needs; thisisjust the same as closure conversion. To touch alazy thunk t,
wejust computet.eva(). Thefirgt timet.eval() isexecuted, it will seethat doneisfadse, and it will caculate the result
and put it in memo. Any subsequent timethat t istouched, t.eva () will smply return the memo field.



EVALUATION OF A LAZY PROGRAM

Hereisaprogram that uses the enter function of Program 15.3b to build atree mapping fthree 3!, one ( 1)!]:

{int fact(int i) {
return if (i==0) 1 elsei * fact(i-1)

}
tree t0O = new tree("",0,null,null);
tree tl =tO0.enter("-one", if i=0 then 1 else i * fact(i-1));

tree t2 =tl.enter("three", fact(3));
return putlnt(t2.1ook("three", exit));

}

A curiousthing about this program isthat fact(-1) isundefined. Thus, if this program is compiled by a (dtrict)
PureFundava compiler, it will infiniteloop (or will eventudly overflow the machines arithmetic asit kegps subtracting 1
from anegative number).

But if compiled by a LazyJava compiler, the program will succeed, printing three factorid! First, varigbletlis
defined; but this does not actudly cal enter - it merdly makes athunk which will do so on demand. Then, t2is
defined, which aso does nothing but make athunk. Then athunk is created for look(t2,"threg") (but look is not
actualy called).

Finaly, athunk for the expression putint( ,exit) is created. Thisisthe result of the program. But the runtime system
then "demands' an answer from this program, which can be computed only by calling the outermost thunk. So the
body of putlnt executes, which immediately demandsthe integer vaue of itsfirst argument; this causesthe
look(t2,"threg") thunk to eval uate.

The body of look needsto compare k with t.key. Since k and t are each thunks, we can compute an integer by
evauating k.evd() and atree by evaluating t.eval(). From the tree we can extract the key field; but eech fidd isa
thunk, so we must actualy do (t.eval().key)() to get the integer.

Thet.key vauewill turn out to be 1, so look(t().right,k) iscalled. The program never evaluates the binding thunk
in the -one node, so fact(-1) is never given a chance to infinite-loop.

OPTIMIZATION OF LAZY FUNCTIONAL PROGRAMS

Lazy functiona programs are subject to many of the same kinds of optimizations as gtrict functiond programs, or
even imperative programs. Loops can be identified (these are smply tail-recursive functions), induction variables can
be identified, common subexpressons can be eiminated, and so on.

In addition, lazy compilers can do some kinds of optimizationsthat strict functional or imperative compilers cannat,
using equationd reasoning.



For example, given aloop
type intfun = int->int;
intfun f (int i) {

public int g(int j) {return h(i) * j;}
return g;

an optimizer might like to hoist the invariant computation h(i) out of the function g. After al, gmay be cdled
thousands of times, and it would be better not to recompute h(i) each time. Thuswe obtain

type intfun = int->int;

intfun f (int i) {

int hi = h(i)
public int g(int j) {return hi * j;}
return g;

and now eachtimegiscdled, it runsfaster.

Thisisvdidin alazy language. But in adtrict language, thistransformation isinvaid! Suppose after intfun a=1(8) the
function aisnever cdled at al; and suppose h(8) infinite-loops; before the "optimization™ the program would have
terminated successfully, but afterward we get anonterminating program. Of course, the transformation isaso invaid
in an impure functiona language, because h(8) might have side effects, and we are changing the number of times h(8)
IS executed.

Dead-code removal Another subtle problem with gtrict programming languagesisthe remova of dead code.
Suppose we have

int f(int i) {
int d = g(x);
return i +2;

}

Thevaridbled isnever used; it is dead at its definition. Therefore, the cdl to g(x) should beremoved. Ina
conventional programming language, such as MiniJava.or FunJava, we cannot remove g(x) because it might have side
effectsthat are necessary to the operation of the program.

Inadrict, purely functiona language such as PureFundava, removing the computation g(x) could optimize a
nonterminating computation into aterminating one! Though this seems benign, it can be very confusing to the
programmer. We do not want programs to change their input/output behavior when compiled with different levels of
optimization.

Inalazy language, it is perfectly safe to remove dead computations such as g(x).

Deforestation In any language, it iscommon to break a program into one module that produces a data structure and
another module that consumesit. Program 15.15 isasimple example; range(i,j) generatesalist of theintegersfromi



to j, squares(l) returns the square of each number, and sum(l) adds up al the numbers.

PROGRAM 15.15: Summing the squares.

intList {int head; intList tail; intList(head,tail){...}}
Y intfun = int->int;
type int2fun = (int,int) ->int;

public int sunBSq(intfun inc,int2fun mul, int2fun add) ({
public intList range(int i, int j) {
return if (i>) then null else intList(i, range(inc(i),j));
}
public intList squares(intList ) {
return if (l==null) nul
el se intList(mul (I.head,|.head), squares(l.tail));

}
int sum(int accum intList |) {
return if (l==null) accum el se sun(add(accum| . head), |.tail);
}
return sum(0, squares(range(1,100)));

}

Firdst range buildsalist of 100 integers; then squares builds another list of 100 integers; findly, sum traversesthislist.

Itiswasteful to build theseligts. A transformation caled deforestation removesintermediate lists and trees (hence
the name) and does everything in one pass. The deforested sumSq program looks like this:

public int sunSq(intfun inc,int2fun mul, int2fun add) ({

public int f(int accum int i, int j) {
return if (i>) accumelse f(add(accummul (i,i)),inc(i));
}
return f(0, 1, 100);
}

Inimpure functiona languages (where functions can have Sde effects) deforestation is not usudly vaid. Suppose, for
example, that the functionsinc, mul, and add dter globa variables, or print on an output file. The deforestation
transformation has rearranged the order of caling these functions; instead of

inc(l), inc(2), ... inc(100),
mul (1, 1), mul (2, 2),... mul (100, 100),
add(0, 1), add(1, 4),... add(328350, 10000)

thefunctions are cadled in the order

mul (1, 1), add(0, 1), inc(1l),
mul (2, 2), add(1, 4), inc(2),

mul (100, 100), add(328350, 10000), i nc(100)

Only inapurefunctiond language isthistransformation dwayslegd.



STRICTNESSANALYS'S

Although laziness dlows certain new optimizations, the overhead of thunk creation and thunk evaluation isvery high.
If no attention is paid to this problem, then the lazy program will run dowly no matter what other optimizationsare
enabled.

The solution isto put thunks only where they are needed. If afunction f(x) is certain to evauate its argument x, then
thereis no need to pass athunk for X; we can just pass an evauated x instead. We are trading an eva uation now for
acertain eventua evauation.

Definition of strictness We say afunction f(x) is strict in x if, whenever some actual parameter a would fail to
terminate, then f(a) would dso fail to terminate. A multi-argument function f(x1, , xn) isstrictin xi if, whenever a
would fall to terminate, then f(b1, , bi 1, a, bi+1,, bn) dsofalsto terminate, regardless of whether the bj terminate.
Let ustake an example:

int f(int x, int y) { return x + x +vy; }
int g(int x, int y) { returnif (x>0) y else x; }
tree h(String x, int y) { return newtree(x,y,null,null); }

int j(int x) { returnj(0); }

Thefunctionf is strict initsargument X, Snceif theresult f(x,y) is demanded then f will certainly touch (demand the
vaueof) x. Smilarly, fisdrict inargument y, and gisdtrict in x. But gisnot srict in its second argument, because g
can sometimes compute its result without touching y.

Thefunction hisnot drict in either argument. Even though it appearsto "use” both x and y, it does not demand (string
or integer) vaues from them; instead it just puts them into a data structure, and it could be that no other part of the
program will ever demand vaues from the key or binding fields of that particular tree.

Curioudy, by our definition of trictness, thefunctionj isstrict in x even though it never uses x. But the purpose of
drictness andysisisto determine whether it is safe to evaluate x before passing it to the function j: Will thiscausea
terminating program to become nonterminating? In this case, if j isgoing to be called, it will infinite-loop anyway, so it
doesn't matter if we perform a (possibly nonterminating) evaluation of x beforehand.

Using theresult of strictness analysis Program 15.16 showsthe result of transforming the look function (of
Program 15.3a) using strictnessinformation. A call-by-name transformation has been applied here, asin Program
15.14, but the result would be smilar using call-by-need. Function look isdtrict in both its argumentst and key. Thus,
when comparing k<t.key, it does not have to touch k and t. However, thet.key field till pointsto athunk, so it must
be touched.

PROGRAM 15.16: Partia cdl-by-name using the results of gtrictness analys's, compare with Program 15.14.

ngThunk | ook(tree t, key k) {
urn if (k < t.key.eval()) look(t.left.eval (), k)
else if (k > t.key.eval()) look(t.right.eval (), k)



el se t. bi ndi ng;

Sincelook isgtrict, calers of look are expected to pass evaluated values, not thunks. Thisisillustrated by the
recursve cdls, which must explicitly touch t.left and t.right to turn them from thunksto values.

Approximate strictness analysis In some cases, such asthe functionsf, g, and h above, the strictness or
nongtrictness of afunction isobvious - and easily determined by an optimizing compiler. But in genera, exact
drictness andyssis not computable - like exact dynamic liveness analys's (see page 210) and many other dataflow
problems.

Thus, compilers must use a conservative gpproximation; where the exact strictness of afunction argument cannot be
determined, the argument must be assumed nondtrict. Then athunk will be created for it; this dows down the
program abit, but at least the optimizer will not have turned aterminating program into an infinite-looping program.

Algorithm 15.17 shows an agorithm for computing strictness. It maintains aset H of tuples of theform (f, (b1, , bn)),
where n isthe number of arguments of f and the bi are booleans. The meaning of atuple (f, (1, 1, 0)) isthis If fis
caled with three arguments (thunks), and the first two may hat but the third never halts, then f may hdt.

ALGORITHM 15.17: Firg-order strictness anaysis.

M:
M(T. oy=1

Mix,ol=x¢cn
ME|+ Es,oy=ME|. o)A M{Es, o)
M{newobject(E)..... Ly, oy=1
M{LiE(E)) Erelse £y, o) = MLy, o) A {M{Ey, o)v M(Es, o))
M{E(Ey..... Egd, oy ={E (MiE.o).... M(E,.o))e H
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done «— true
for each function £ix;..... ¥ =58
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iriE, ihy..... b.yy & H
a o x| b= 1) fer ix the set of x's correspanding
iTMiB. =) w4 i e Bovecror)
done +— false
H+—HUNL (... Y
until done

Strictness (after the caculation of H terminates):

fisdrictinitsith argument if
(E. (1.1.....LLO. L L ....InEH

=1 =i

-



If (f, (1, 1, 0)) isinthe set H, then f might not be gtrict initsthird argument. If (f, (1, 1, 0)) isnever put into H,thenf
must be grict initsthird argumen.

We aso need an auxiliary function to caculate whether an expression may terminate. Given an expresson E and a

st of variables , we say that M(E, ) means"E may terminateif al the variablesin may terminate.” If E1isi+j, and
thereis some possibility that the thunksi and j may halt, then it isalso possible that E1 will hattoo: M(i +J, {i, j}) is
true. Butif E2isif (kJ) i sej, wherei and j could conceivably halt but k never does, then certainly E2 will not halt,
0 M(E2, {i, j}) isfdse.

Algorithm 15.17 will not work on the full LazyJavalanguage, because it does not handle functions passed as
arguments or returned asresults. But for first-order programs (without higher-order functions), it doesagood job of
computing (static) strictness. More powerful dgorithmsfor strictness andysis handle higher-order functions.

FURTHER READING

Church [1941] devel oped the -caculus, a"programming language” of nested functions that can be passed as
arguments and returned as results. He was hampered by having no machinesto compilefor.

Closures Landin [1964] showed how to interpret -calculus on an abstract machine, using closures alocated on a
heap. Stecle[1978] used closure representations specidized to different patterns of function usage, so that in many
cases nonlocal variables are passed as extra arguments to an inner function to avoid heap-alocating arecord.
Cousineau et a. [1985] showed how closure conversion can be expressed as atransformation back into the source
language, so that closure analysis can be cleanly separated from other phases of code generation.

Static links are actudly not the best basisfor doing closure conversion; for many reasonsit is better to consider each
nonlocd variable separatdy, ingtead of dways grouping together al the variables at the same nesting level. Kranz et
al. [1986] performed escape analysis to determine which closures can be stack-all ocated because they do not
outlivetheir creating function and also integrated closure analysis with register dlocation to make a high-performance
optimizing compiler. Shao and Appd [1994] integrate closures with the use of callee-save registersto minimize the
load/store traffic caused by accessing local and nonlocal variables. Appel [1992, Chapters 10 and 12] hasagood
overview of closure conversion.

Continuations Tail calsare particularly efficient and easy to andyze. Strachey and Wadsworth [1974] showed that
the control flow of any program (even an imperative one) can be expressed as function calls, using the notion of
continuations. Steele[1978] transformed programsinto continuationpassing style early in compilation, turning dl
function cdlsinto tail cals, to smplify dl the analysis and optimization phases of the compiler. Kranz et d. [1986]
built an optimizing compiler for Scheme using continuation-passng style; Appel [1992] describesa
continuation-based optimizing compiler for ML.

Inline expansion Cocke and Schwartz [1970] describe inline expansion of function bodies; Scheifler [1977] shows
that it is particularly useful for languages supporting data abstraction, where there tend to be many tiny functions
implementing operations on an abstract datatype. Appd [1992] describes practical heuristics for controlling code
exploson.



Continuation-based 1/0 Wadler [1995] describes the use of monads to generalize the notion of continuation-based
Interaction.

L azy evaluation Algol-60 [Naur et d. 1963] used call-by-name evaluation for function arguments, implemented
using thunks - but also permitted side effects, so programmers needed to know what they were doing! Mogt of its
successors use call-by-vaue. Henderson and Morris[1976] and Friedman and Wise [1976] independently invented
lazy eva uation (call-by-need). Hughes[1989] arguesthat lazy functiona languages permit clearer and more modular
programming than imperative languages.

Severd lazy pure functiond languages were devel oped in the 1980s; the community of researchersinthisarea
designed and adopted the language Haskell [Hudak et a. 1992] as a standard. Peyton Jones [1987; 1992] describes
many implementation and optimization techniquesfor lazy functiona languages, Peyton Jones and Partain [ 1993]
describe apractica dgorithm for higher-order strictness analysis. Wadler [1990] describes deforestation.
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PROGRAM COMPILING FUNCTIONAL
LANGUAGES

Team-Fly

Implement FunJava. A function value should be implemented as an object with an exec method.

Implement PureFundava. Thisisjust like Fundava, except that severa "impure” features are removed and the
predefined functions have different interfaces.

Implement optimizations on PureFundava. This requires changing the Tree intermediate |language so that it can
represent an entire program, including function entry and exit, in amachine-independent way. After inline
expansion (and other) optimizations, the program can be converted into the standard Tree intermediate
representation of Chapter 7.

Implement LazyJava
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EXERCISES

15.1 Draw apicture of the closure data structures representing add24 and ain Program 15.1 just &t the point
where add24(a) is about to be called. Labd dl the components.

*15.2 Figure 15.13 summarizesthe ingiructions necessary to implement printTablein afunctiond or an
imperative style. But it leaves out the MOV E ingtructions that pass parametersto the calls. Flesh out both the
functiond and imperative versonswith al omitted ingtructions, writing pseudo-assembly language in the style
of the program accompanying Graph 11.1 on page 221. Show which MOV E instructions you expect to be
deleted by copy propagation.

*15.3 Explain why there are no cyclesin the graph of closures and records of a PureFunJava program.
Comment on the gpplicability of reference-count garbage collection to such aprogram. Hint: Under what
circumstances are records or closures updated after they areinitialized?

154

Perform Algorithm 15.9 (loop-preheader transformation) on the ook function of Program 15.3a.

Perform Algorithm 15.10 (loop-invariant hoisting) on the result.

Perform Algorithm 15.8 (inline expansion) on the following call to look (assuming the previoustwo
transformations have dready been applied):

| ook(nytree, a+l)

15.5 Perform Algorithm 15.17 (gtrictness analysis) on the following program, showing the set H on each pass
through the repeat 1oop.

function f(w int, x: int, y: int, z: int) =
if z=0 then wwy else f(x,0,0,z-1) + f(y,y,0,z-1)

Inwhich argumentsisf grict?
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Chapter 16: Polymor phic Types

poly-mor -phic: ableto assume different forms

Webgter's Dictionary
OVERVIEW

Some functions execute in away that's independent of the data type on which they operate. Some data structures are
sructured in the same way regardless of the types of their eements.

Asan example, consder afunction to concatenate linked listsin Java. We define aList class, subclassesfor empty
and nonempty ligts, and a (nondestructive) append method:

abstract class IntList {
IntLi st append(lntList nore);
}
class IntCons extends IntList {
I nteger head; IntList tail
IntCons (Integer head, IntList tail) {
t hi s. head=head; this.tail=tail
}
I ntList append(lntList nore) {
return new I nt Cons(head, tail.append(nore));

}
}

class IntNull extends IntList {
IntNull () {}

IntLi st append(lntList nmore) {
return nore;

}
}

There's nothing about the code for the IntList datatype or the append method that would be any different if the
element type were String or Tree instead of Integer. We might like append to be able to work on any kind of lis. We
could, of course, use theword Object instead of Integer to declare head, but then if we unintentionally mixed Integers
and Strings as e ements of the same Lit, the compiler's type-checker wouldn't be able to give us useful feedback:
we'd get aruntime exception at a downcast somewhere.

A functionis polymorphic (from the Greek many+ shape) if it can operate on arguments of different types. There
aretwo main kinds of polymorphism



Parametric polymor phism A functionis parametrically polymor phic if it follows the same a gorithm regardless of
the type of itsargument. The Ada.or Modula-3 generic mechanism, C++ templates, or ML type schemes are
examples of parametric polymorphism.

Overloading A function identifier is overloaded if it sandsfor different dgorithms depending on the type of its
argument. For example, in most languages + is overloaded, meaning integer addition on integer arguments and
floating-point addition (which is quite adifferent a gorithm) on floating-point arguments. In many languages, including
Ada, C++, and Java, programmers can make overloaded functions of their own.

Thesetwo kinds of polymorphism are quite different - dmost unrelated - and require different implementation
techniques.
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16.1 PARAMETRIC POLYMORPHISM

A polymorphicfunction f (t x) takes some parameter x of type t, where t can be instantiated at different actua
types. In an explicit style of parametric polymorphism, we pass the type as an argument to the function, so we write
something like f <t>(t x), and afunction cal might look like f <int>(3) or f <gring>("three"). In alanguage with
implicit parametric polymorphism, we smply writethe definition as f (x), and the call asf (3) or f (“threg") - thetype
parameter t isunstated. Reasonable programming languages can be designed either way.

In this chapter wewill present Generic Java (GJfor short), a polymorphic extension of Java (polymorphic functions
have aso been called generic functionsin theliterature of programming languages). In GJ, classes and methods are
polymorphic: Each class and method can take type parametersin triangle brackets:

d assDecl class id TyParams Ext { VarDecl* MethodDecl * }
Ext extends Type

Met hodDecl public TyParams Type id ( Formal List )
{ VarDecl * Statement* return Exp ;}
TyPar ans < id Ext TyParRest* >

TyPar Rest , id Ext

In addition to the int and boolean types (and so on), a Type used in declaring variables can now take arguments that
arethemsalvestypes

Type id < Type TypeRest* >
TypeRest , Type

Findly, class congtructors can dso take type arguments:

Exp new id < Type TypeRest* >()

GJusesacombination of explicit and implicit polymorphism: The programmer must dways write theformal type
parameters (at class declarations), but actua type parameters (when caling a class constructor) can often be omitted.
In this chapter well present only afully explicit GJ.

Using polymorphism, we can make ageneric List classwith which we can make alist of integers, or alist of strings,
but which prevents the unintended mistaking of one for the other:

abstract class List<X> {
Li st <X> append(Li st<X> nore);
}
cl ass Cons<X> extends List<X> {
X head; List<X> tail
Cons (X head, List<X> tail) {this.head=head; this.tail=tail;}



Li st <X> append(Li st<X> nore) {
return new Cons<X>(head, tail.append(nore));

}

}

class Nul | <X> extends List<X> {
Null () {}

Li st <X> append(Li st<X> nore) {
return nore;

}
}
Using this class declaration, we could create alist of the integers (3,4) with the expression,

List<Integer> list34 =
new Cons<I nt eger >(new | nt eger(3),
new Cons<I nt eger >(new I nteger (4),
new Nul | <l nt eger>));

Wecan evenbuild alig of int-ligts:

Li st<List<integer>> lislis =
new Cons<Li st <l nt eger>>(1li st 34,
new Nul | <Li st <l nt eger >>();

In GJwe can also bound aformal type parameter by specifying that it must be a subclass of aparticular base class.
Suppose, for example, that we have a class Printable:

abstract class Printable { void print_ne(); }

with some subclasses, some of which are declared here and some of which are yet to be declared:

class Printablelnt extends Printable {

int x;
void print_me() {... print x ...}
}
cl ass Printabl eBool extends Printable {
bool ean b;
void print_me() {... print b ...}
}

In ordinary Javawe could make a pair-of-printables, asfollows:

class Pair {

Printable a;

Printable b;

void print_nme() { a.print_nme(); b.print_nme(); }
}

and thiswill work well, aslong aswe don't mind that in any particular Pair, the aand b components might belong to
different subclasses of Printable. But if we want to make "coherent” pairs-of-printables, where both components must
belong to the same subclass, we can use bounded polymorphismin GJ, asfollows:



class GPair<X extends Printable> {

X a;

X b;

void print_ne() { a.print_me(); b.print_me(); }
}

Now every object of type GPair<Printablel nt> has aand b components that are both instances of Printablelnt, and
correspondingly for GPair<PrintableBool>, and for other subclasses of Printable that may be declared in the future.
We say that Printable isthe bound of type parameter X.

Subtyping in GJ In Java, if we make class Triple extends Pair, then Tripleisasubtype of Pair, and any Triple
object can be passed as a parameter to any method that expects aPair. In GJ, we can make class GTriple<X
extends Printable> extends GPair<X>, and then GTriple<Printablelnt> is a subtype of GPair<Printablelnt>. But if
classMyInt extends Printablelnt, then it's not the case that GTriple<MyInt> is asubtype of GPair<Printablelnt>.
And it'sespecidly not the case that GTripleis a subtype of GPair, because these are not types, they're type
constructors, which become types only when applied to arguments.
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16.2 POLYMORPHIC TYPE-CHECKING

Type-checking for a polymorphic language is not as straightforward as for amonomorphic language. Before
embarking on an implementation, we must be clear about what the typing rules are.

The types used in the basic MiniJava compiler could al be represented as atomic strings: int, boolean, int[], and class
identifiers such asIntList. In GJwe have three kinds of type expressons:

Primitive types such asint and boolean;

Type applications of theform ¢ t1, t2, tn , where cisatype constructor - apolymorphic classsuch asList in our
example - and t1 through tn are type expressions, and Type variables such asthe X in thetype expression ListX.

All classidentifierswill be considered polymorphic, but those with no type arguments can be considered as types of
theform C<>. In this chapter we will omit discussion of array types, though ina"MiniGJ' compiler int[] could be
treated as a primitive type.

Syntactic conventions The type-checking dgorithm will have severa kinds of varigbles:
| T, Ti, U, V stand for type expressions,
N, Ni, P, Q stand for nonvariable type expressions (that do not contain type variables);
X, X, Y, Z stand for type variables,
C gtandsfor class names,

m stands for method names;

f sandsfor fidld names;



e stlands for program expressions; and

x standsfor program variables (loca variables of methods).

Wewill often abbreviate the keyword extends with the symbal . In discussing the type-checking agorithm we will
require that every TyParams have an explicit bound, so instead of writing class Lis<X> wewould write class
List<X Object>.

Method types It's convenient to separate the type of amethod from the name of the method. For example, consider
the declaration

<X extends Printable> GPair<X> firstTwo(List<X> x) { ... }

For any type X that's a subclass of Printable, the firssTwo method takes alist of X's, and returnsapair of X's. The
type of thefirsTwo method is X PrintableList X GPair X. (Noticethat the binding occurrence of X requiresa
bounding clause X Printable, but the applied occurrences of X do not usethe symbol.) In generd, theform of a
method typeis

MethodTy —  TvParams TvList — Ty

meaning that, with type parameters TyParams and va ue parameters whose types are TyL.ist, the method returnsa
vaue of type Ty.

Substitution Suppose we want to know the type of the firssTwo method when it's applied to alist of Printablelnt.
WetakelLig X GPair X and subdtitute Printablelnt for X, yielding the method type

Li st Printablelnt GPair Printabl el nt

We can write a substitution function in the compiler's type-checker to do this; in this chapter well write[ V1, , VK/X1,
, XK]U to mean the substitution of type Vi for every occurrence of type variable Xi in type expression (or function
prototype) U. Because class parameterization is not nested in GJ - that is, U cannot contain class declarations - we
don't need to worry about interna redeclarations of the type variables Xi; the problem of avoiding variable capture
(described in Section 15.4) does not occur.

Classtable, typetable, and var table Section 5.2 explained that, because classes can mutudly refer to each other,
type-checking must proceed in two phases: First, build a symbol table (the class table) mapping class namesto class
declarations, second, type-check theinterior of the class declarations. The same approach worksfor GJ. Thefirgt
phaseis quite straightforward; the rest of this section explains the algorithm for the second phase. This phase will use
the classtable, and maintain a type table mapping forma type parametersto their bounds, and a var table mapping
ordinary (value) variablesto their types. For example, in processing the firs Two method (described above), the type
table would map X to Printable, and the var table would map x to List<X>.

Well-formed types A typeiswell formed if every type variable has abound in the appropriate type table. Thus, the
type List<X> iswdl formed when processing the declaration of firsTwo because X Printableisin thetypetable. In
generd, we must also account for subgtitutions. Algorithm 16.1 shows the procedure checktype for checking



wellformedness of types.

ALGORITHM 16.1: Checking wellformedness of types and subtyping.

Type(T) =
iIf Tis primtive (int, boolean, etc.) then K
elseif Tis hject then XK

elseif (T ...) isin the type table then K

elseif Tis C T1,..., Tn
look up Cin the class table, yielding class C X1 N, ..., Xn Nn N{...}
for each Ti do checkType(Ti
for each Ti do checkSubtype(Ti, [T1,..., ) X1, ..., Xn] N

checkSubtype(T, U =
if T=Uthen &K
elseif (T T) isinthe type table then subtype(T , U

elseif Tis C T1,..., Tn
ook up Cin the class table, yielding class C X1 N, ..., Xn Nn N(...}
subtype([T1,..., Tn/ X1, ..., Xn]N, U
el se error

Subtyping In type-checking Java (and GJ) it is often necessary to test whether one type is a subtype of another: Ais
asubtype of Bif, whenever avaue of type Bisrequired, avaue of type A will suffice. A subtypeisnot exactly the
same as asubclass, but till, in class-based languages like Java, if class A extends B, then thereis dso a subtype
relationship. Checking subtyping in GJis made more complex by the need to perform type substitution and the need
to look up type variablesin the typetable; Algorithm 16.1 shows how to doit.

Finding the bound of atype Theforma type parameters of a polymorphic class or method are of theformhX Ni.
Insde that class or method, suppose theré's aloca variable declaration X x, where X isthetype and x isthe
variable. When type-checking expressions such asthefield access x. f, we need to know what class x isan ingance
of. We don't know exactly what class x belongsto - it belongs to some unknown class X - but we do know that X is
asubclassof N. Therefore, we take the type X and look up itsbound, N, in the type table. The function getBound(T)
looks up type bounds.

L ooking up field and method types When type-checking afield access e f or amethod cal em T (), one must
look up thefield f or method min €'sclass. This may involve a search through superclasses, and in the process, types
must be substituted for type variables. These searches are handled by fieldType and methodTypein Algorithm 16.2.
Algorithm 16.3 shows how to type-check expressonsusing al the auxiliary procedures defined thusfar.

ALGORITHM 16.2: Fidd and method search.

und(T) =
iIf Tis a type variable X
then if (X N) is in the type table then N else error
else if Tis a nonvariable type Nthen N
el se error

fieldType(f;) =
if Tis C T1,..., Tn
look in the class table for class C X1 N1, ..., Xn Nn N{fields, ...}
if field f with type Sis in fields
return [T1,..., Tn/ X1, ..., Xn] S
el se return fieldType(f, [T1,..., n/ X1, ..., Xn1N)
el se error



net hodType(m T ) =

if TisC T1,..., Tn
look in the class table for class C X1 N1,..., Xn Nn N{..., nethods}
if method mis in nmethods; with the declaration
Y1 P1,..., Yk Pk UmUl x1 ... U xlI){return €}
then return [T1,..., Tn/X1,..., Xn]( Y1 P1,..., YK Pk (UL x1,..., U xlI) U)
el se return nmethodType(m [T1,..., Tn/ X1, ..., Xn]N

RITHM 16.3: Type-checking expressions. Expressons with integer type are omitted, because they are
checked just asin MiniJava

Exp(e) =
€ is a variable X
look up (X T ) inthe var table; return T
else if eis a field-selection e0. f
return fieldType(f; getBound(checkExp(€0)))

else if eis a nmethod-call e0. m Vi,..., Vn (el1,..., el)
call methodType(m getBound(checkExp(€0))), yielding
YL P1,..., Yk Pk (UL x1,..., U xl) U
for each Vi do checkType( Vi)
for each Vi do checkSubtype(M, [V1,..., WK/Y1, ..., YK]Pi)
for i 1 ... | do checkSubtype(checkExp(ei), [V1, ..., WK/Y1 ..., YK]U)
return [V1,..., WK/Y1, ..., YK]U

else if eis new N
checktype(N)
return N

Algorithm 16.4 shows how to check class and method declarations. The formal type parameters of the classare
added to the type table, then all the methods are checked. For each method, the formal type parameters and the
(ordinary) vaue parameters of the method are added to the type table and va ue table, then the body of the method is
type-checked. The four lines ending at the last call to checkSubtype are to make sure that the method over-riding is
vaid; in GJasin Java, one can only override amethod at the same argument and result type asin the superclass, but
for GJthere are more substitutions to perform in order to check this.

ALGORITHM 16.4: Type-checking class declarations.

Cd ass(cdecl) =
suppose cdecl is class C Xi NL,..., Xn Nn N{fields, methods}
add (X1 N1, ... XK NK) to the type table
checkType( N
for each N do checkType(N)
for each ndecl in nethods
suppose mdecl is Y1 P1,..., PP TmT1x1... Tl xlI) {return €}
add (YL P1,... Y] Pi) to the type table
checkType(T)
for each Ti do checkType(Ti)
for each Pi do checkType(Pi)

add (this C X1,..., Xn ) to the var table

add (x1 T1,... xl TI) to the var table

checkSubt ype(checkType(e), T)

suppose nethodType(m N is Z1 QL,..., Z g (UL x1,..., U xI) u
for each Ti check that Ti = ([Y1,..., Yj/lZ1, ..., Zjju)

for each Pi check that Pi = ([Y1l,..., Yj/Z1,..., Z]1Q)

checkSubtype(T, [Y1,..., Yj/Z1,..., Z ]V

pop j nost recent bindings fromthe type table
pop | + 1 nost recent bindings fromthe var table



pop k nost recent bindings fromthe type table
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16.3 TRANSLATION OF POLYMORPHIC
PROGRAMS

After apolymorphic program is type-checked, it must be trandated into machine code. There are severd waysthis
can be done, four of which we will discuss:

Expansion: Don't generate code for ageneric class such as Cons<X>; instead, create anew Cons classfor each
different class at which <X> isingtantiated.

Cadting: Generate only asingle Cons class, and use Java-style checked runtime casts to operate upon it.
Erasure: Generate only asingle Consclass, and operate on it directly.
Type-passing: Generate code for a Cons template class, and pass type parameters at run time.

Expanson and casting have the advantage that they are compatible with standard Java Virtual Machines, erasureis
more efficient but incompatible; and type-passing hasinteresting advantages and disadvantages of itsown.

Expanson It'sentirdy possbleto expand out dl the polymorphic classingantiationsinto ordinary Javaclasses. This
iscdled the heterogenous trandation of GJinto Java, because the Cons _Int classwill be entirdly different and
essentidly unrelated to the Cons_Booal class, and so on. Templatesin C++ work thisway aswell: They are
expanded out into ordinary classes. Expangon ismuch likeinline expansion of ordinary functions; but inline expanson
of functions usdly can't be done so completely asto diminate al function definitions, because recursive functions or
function calswithin loops would expand the program infinitely. In contrast, ingtantiation of generic classes never
depends on program variables and is not recursive.

The advantages of expansion are that the resulting classes are generaly compatible with ordinary Java (so that GJ can
runin an ordinary JavaVirtua Machine), and that the compiled codeisfairly efficient (Smilar to ordinary Java). The
disadvantages are that it makes many copies of the same code - at worgt, it can cause exponentia blowup of the
program, but in practice this exponential behavior israrely seen (expanson of C++ templatesistolerably efficient).
Also, expangon interacts badly with the package mechanism of Java (see Exercise 16.3).

Cagting In the homogenous trandation of GJinto Java, al the type parameters are smply erased. When atype
variableisused in the declaration of alocd variable or parameter, it is replaced by its bound. Thus, the trandation of
GPair (from page 339) would be

class GPair {
Printable a;
Print abl e b;
void print_nme() { a.print_me(); b.print_me(); }



which iswdl-typed Java code. However, ause of GPair such as

int sum(GPai r<Printablelnt> p) {
return p.a.x + p.b.x;

}

must be trandated with castsin order to belegd Java:

int sum(GPair p) {
return ((Printablelnt)(p.a)).x + ((Printablelnt)(p.b)).x;
}

Unfortunately, these casts from a superclass to a subclass require arun-time check in ordinary Java, even though (if
the Java program results from the trandation of awell-typed GJ program) the cast will always succeed. Another
(minor) disadvantage of the homogenous trandation isthat class construction cannot be applied to type variables; i.e,
new X(), where X isatype variable, cannot redly be replaced by new C(), where C isthe bound of X, because the
wrong classwill be constructed.

Erasure If the GJ program istrandated directly into machine code, the homogenous trandation can safely be done
without inserting casts: Just erase the type parameters from the program. The advantage isthat there's no duplication
of code and theré's no extrarun-time casting. Unfortunately, bypassing Javaaso means that the Java Virtua
Machine Language (VML or "Javabyte codes') must aso be bypassed, since the Java bytecode verifier usesthe
Javatype system, not the GJtype system. Thistrand ation technique is therefore incompatible with existing Java
Virtua Machinesthat accept programsin VML.

Type-passing Instead of erasing the type parameters, they can be turned into value parameters. A polymorphic
method

<X1 extends Cl> int m(X1lL x, int y)

can betrandated (gpproximately) as

int m(dass X1, X1 x, int vy)

where aclass descriptor isredly passed as a run-time argument. One advantage of thistrandation isthat class
congtruction can now be applied to type variables.

An even more Sgnificant advantage isthat, in principle, it may be possible to divorce class descriptors from the
objectsthat belong to the classes. That is, instead of an object of class Printablelnt (see page 338) requiring two
words to represent it - the class descriptor and the x field - now only one word would be required. Any placein the
program that manipulates a Printablel nt would aso have an explicit class parameter passed to it in an associated local
variable; from this parameter, the virtual method table can be accessed as needed, and the garbage collecter can
learn what it needs to know about the layout of objects.



The disadvantage of type-passing isthat thereisa (smal) run-time cost to passing the types, and that it is
incompatible with Javaand with sandard VMs.

POINTERS, INTEGERS, AND BOXING

Polymorphism in GJworks for object types, but not for int and boolean. Even in ordinary Java, the class extension
mechanism works for objects but not integers. The solution in Javaand GJ for programmers who wish to get the
benefits of subclassing or polymorphism for intsstomakeawrapper class Integer that contains an ingtance variable of
typeint. Thisiscaled a boxed integer, compared to the raw int, which isan unboxed vaue. Boxed values -
implemented by pointers to objects containing raw vaues - are much easier than unboxed vauesto compile

polymorphicaly:

They are dl the same Sze (the size of apointer) so that the same machine code can oblivioudy manipulate
boxed vaues of different types.

They can contain type or class descriptors (in the pointed-to object) so that the garbage collector can
understand how to traverse them.

Some programming languages (such as ML and C#) automatically box va ues as necessary to support polymorphism.
That is, the programmer never needs to distinguish between int and Integer because the compiler inserts the coercions
automaticaly. Thereisgtill acost at run timeto box and unbox, but it isthe same cost that would be paid if the
programmer explicitly wrapped the integersin boxes.
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16.4 RESOLUTION OF STATIC OVERLOADING

Some languages permit overloading: different functions of the same name but different argument types. The compiler
must choose between function bodies based on the types of the actual parameters. Thisis sometimes known as ad
hoc polymor phism, as opposed to the parametric polymor phism described in the previous sections.

Static overloading is not difficult to implement. When processing the declaration of an overloaded function f, the new
binding bn must not hide the old definitions b1, , bn 1. Instead, the new binding maps f to alist of different
implementations, f [b1, , bn]. Depending on the language semantics, it may be necessary to give an error messageif
bn hasidentical parameter typesto one of the bi.

Then, when looking up f in aplace whereit is caled with actud parameters, the types of the actud parameterswill
determine which of the bindings bi should be used.

Some languages alow functions of identica argument types (but different result type) to be overloaded; some
languages dlow forms of dynamic overloading; see the Further Reading section.
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FURTHER READING

One of thefirg "polymorphic” languages was Lisp [McCarthy 1960], which has no gtatic (i.e., compile-time
checkable) type system at dl. Consequently, the fully boxed implementation of datawas used, so that the data could
describe itsdlf to the run-time type-checker aswell asto the garbage collector.

Thefirst programming language to use statically type-checked parametric polymorphism was ML, which was
origindly the Metal_anguage of the Edinburgh theorem prover [Gordon et a. 1978] but was later developed into a
generd-purpose programming language [Milner et d. 1990]. Carddlli [1984] describes afully boxed implementation
of ML.

In the Ada programming language [Ada 1980], the generic mechanism alows afunction (in fact, an entire package)
to be parameterized over types, but full type-checking is done at each call site after the generic is applied to actud
parameters, and the expansion technique of implementation must be used. In contrast, Algorithm 16.4 can check a
generic classindependent of how itsforma type parameterswill eventualy be instantiated.

Pierce[2002] provides acomprehensive survey of type systems, including polymorphic types, in the modern
notation. Brachaet a. [1998] describe Generic Java (GJ) and itsimplementation. The type-checking algorithm in
Section 16.1 of this chapter is adapted from " Featherweight Generic Java' [Igarashi et d. 2001], which should be
read by anyone planning to implement such atype-checker.

Overloading Adadlowsdifferent functions with the same parameter types to be overloaded, aslong asthe result
types are different. When the output of such afunction isan argument to another overloaded identifier, then there may
be zero, one, or many possible interpretations of the expression; the Ada semantics say thet the expressonislega
only if thereis exactly oneinterpretation. Aho et a. [1986, Section 6.5] discussthisissue and give aresolution
agorithm. But Ada-style overloading has not been widely imitated in recent language designs, perhaps becauseit can
confuse the programmer.

Dynamic overloading alows different implementations of afunction to be chosen based on the run-time type of an
actua parameter; itisaform of dynamic dispatch. Dynamic dispatch isaso used to implement method overriding, a
fundamenta concept of object-oriented programming (see Chapter 14) - overriding isaform of dynamic dispatch on
the this parameter, while general dynamic overloading can depend on any or dl parametersto afunction. Type
classes in the Haskell language dlow overloading and parametric polymorphism to interact in auseful and expressive
way [Hall et d. 1996].
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EXERCISES

16.1 Show the stepsin type-checking the declaration of append on page 337 using Algorithm 16.4.

*16.2 Read Section 3.2 of Igarashi et d. [2001] and show how to extend Algorithms 16.3 and 16.4 to
handle show type-checking of cast expressions and of class congtructors.

16.3 Use the heterogenous trandation (that is, expangon) to trandate the following GJ program to ordinary
Java

package p;

public class C <X extends Cbhject> { X a; B b; }
class B { }

package q;
class D{ }
class E { p.CD> y; p.CObject> z; }

a.

Firgt do the trandation ignoring the package declarations, the public keyword, and the p. qudifierswithin
classE. Hint: Thetrandation will not have aclass C, but will have classesC_D and C_Object.

Now, try the trandation preserving the package structure. Show that it'simpossible for B to be
package-scope within p at the sametimethat D is package-scope within g.
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Chapter 17. Dataflow Analysis

OVERVIEW

anal-y-sis: an examination of acomplex, its elements, and their reations
Webgter's Dictionary

An optimizing compiler transforms programs to improve their efficiency without changing their output. There are many
transformationsthat improve efficiency:

Register allocation: Keep two nonoverlgpping temporariesin the same register. Common-subexpr ession
elimination: If an expresson is computed more than once, eiminate one of the computations.

Dead-code elimination: Delete acomputation whose result will never be used. Constant folding: If the
operands of an expression are congtants, do the computation at compiletime.

Thisisnot acompletelist of optimizations. In fact, there can never be acompletelist.
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NO MAGIC BULLET

Computability theory showsthat it will dways be possible to invent new optimizing transformations.

Let ussay that afully optimizing compiler isonethat transforms each program P to a program Opt(P) that isthe
smallest program with the same input/output behavior as P. We could aso imagine optimizing for speed instead of
program size, but let us choose size to smplify the discussion.

For any program Q that produces no output and never hdts, Opt(Q) isshort and easily recognizable:

L1:gotoLl

Therefore, if we had afully optimizing compiler, we could useit to solve the hdting problem; to seeif there existsan
input onwhich P halts, just seeif Opt(P) isthe one-lineinfinite loop. But we know that no computable agorithm can
awaystdl whether programs halt, so afully optimizing compiler cannot be written ether.

Since we can't make a fully optimizing compiler, we must build optimizing compilers instead. An optimizing
compiler transforms P into aprogram P that dways has the same input/output behavior as P, and might be smdler or
faster. We hopethat P runsfaster than the optimized programs produced by our competitors compilers.

No matter what optimizing compiler we consder, there must dway's exist another (usually bigger) optimizing compiler
that does a better job. For example, suppose we have an optimizing compiler A. There must be some program Px
which does not hdlt, such that A(Px) Opt(Px). If thiswere not the case, then A would be afully optimizing compiler,
which we could not possibly have. Therefore, there exists a better compiler B:

B(P)=if P=Pxthen[L :gotoL] else A(P)

Although we don't know what Px is, it iscertainly just astring of source code, and given that string we could trivialy
congtruct B.

Theoptimizing compiler Bisn't very useful - it's not worth handling specid caseslike Px oneat atime. Inred life, we
improve A by finding some reasonably genera program transformation (such asthe oneslisted at the beginning of the
chapter) that improves the performance of many programs. We add this transformation to the optimizer's "bag of
tricks' and we get amore competent compiler. When our compiler knows enough tricks, we deem it mature.

Thistheorem, that for any optimizing compiler there exists a better one, isknown asthe full employment theorem
for compiler writers.
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17.1INTERMEDIATE REPRESENTATION FOR
FLOW ANALYSIS

In this chapter we will consder intraprocedural global optimization. Intraprocedural meansthe anayss stays
within asingle procedure or function (of alanguage like MiniJava); global meansthat the andyss spansdl the
statements or basic blocks within that procedure. Interprocedural optimization is more global, operating on severd
procedures and functions at once.

Each of the optimizing transformations listed at the beginning of the chapter can be gpplied using the following generic
recipe:

Dataflow analysis. Traversethe flow graph, gathering information about what may happen at run time (this
will necessarily be a conservative gpproximetion).

Trangformation: Modify the program to make it faster in some way; the information gathered by andlysis
will guarantee that the program's result is unchanged.

There are many dataflow analysesthat can provide useful information for optimizing transformations. Like the liveness
analysis described in Chapter 10, most can be described by dataflow equations, aset of Smultaneous equations
derived from nodesin the flow graph.

QUADRUPLES

Chapter 10'sliveness analyss operates on Assem ingructions, which clearly indicate uses and defs but whose actua
operétions are machine-dependent assembly-language strings. Liveness andlysis, and register alocation based onit,
do not need to know what operations the ingtructions are performing, just their uses and definitions. But for the
analyses and optimizationsin this chapter, we need to understand the operations aswell. Therefore, instead of
Assem indructionswe will use Tree-language terms (Section 7.2), smplified even further by ensuring that each Exp
has only asingle MEM or BINOP node.

We can eadlly turn ordinary Tree expressionsinto smplified ones. Wherever there is anested expression of one
BINOP or MEM inside another, or aBINOP or MEM inside a JUMP or CJUMP, we introduce a new temporary
usng ESEQ:



BIMOP

BINOP / |

ESEQ)

Pl | ﬂ//’\\

# el BINOP

MOV
TEMF1

-

TEMPM 1

BINOGP

and then apply the Canon module to remove dl the ESEQ nodes.

We dso introduce new temporaries to ensure that any store statement (that is, aMOVE whose |eft-hand sdeisa
MEM node) has only a TEMP or a CONST oniitsright-hand side, and only aTEMP or CONST under the MEM.

The stlatementsthat remain are dl quite Smple; they take one of the formsshownin Table 17.1.

.17.1: Quadruples expressed in the Tree language. Occurrences of a, b, ¢, f, L denote TEMP, CONST, or

L nodesonly.
MOVE
:,-EL'TEEI‘\\ JUMP
hinop h [ L
a « N hinop ¢ goto L
MOVE
AN
MUVE a MEM
N |
a b b
a +— b a +— M|[h]
CIUMP |5-‘|“'
ﬂl%"“-‘ CALL
relop El b L1 L2 /"\\
T .
ifarelopbpoto Lyelsegoto L2 fla..... iy}

LABEL

MOV

N

b Call

l/\

fo— oy, ... a,,“l

.sxethe "typicd" satementisa b ¢ with four components(a, b, ¢, ), these smple statements are often cadled
quadruples. We use to stand for an arbitrary binop.

A more efficient compiler would represent quadruples with their own datatype (instead of using Tree data
sructures), and would trand ate from trees to quadruples al in one pass.

Intraprocedural optimizations take these quadruples that come out of the Canon phase of the compiler, and transform
them into anew sat of quadruples. The optimizer may move, insart, delete, and modify the quadruples. Theresulting
procedure body must then be fed into the instruction-selection phase of the compiler. However, the tree matching will
not be very effective on the "atomized" trees where each expression contains only one BINOP or MOVE. After the
optimizations are completed, there will be many MOV E statements that define temporaries that are used only once. It
will be necessary to find these and turn them back into nested expressions.



We make a control flow graph of the quadruples, with a directed edge from each node (statement) ntoits
successors - that is, the nodes that can execute immediately after n.
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17.2VARIOUSDATAFLOW ANALYSES

A dataflow analysis of acontrol flow graph of quadruples collects information about the execution of the program.
One dataflow anadysis determines how definitions and uses are related to each other, another estimateswhat valuesa
variable might have a agiven point, and so on. The results of these analyses can be used to make optimizing
transformations of the program.

REACHING DEFINITIONS

For many optimizations we need to seeif aparticular assgnment to atemporary t can directly affect thevaueof t at
another point in the program. We say that an unambiguous definition of t isa particular statement (quadruple) in the
program of theformt a b ort M[a]. Given such adefinition d, we say that d reaches a statement u in the program
if there is some path of control-flow edges from d to u that does not contain any unambiguous definition of t.

An ambiguous definition is a statement that might or might not assign avaueto t. For example, if t isagloba
variable, and the statement sisaCALL to afunction that sometimes modifies t but sometimes does not, then sisan
ambiguous definition. But our MiniJava compiler treats escaping variables as memory locations, not astemporaries
subject to dataflow andysis. This means that we never have ambiguous definitions, unfortunately, we aso lose the
opportunity to perform optimizations on escaping variables. For the remainder of this chapter, we will assumeal
definitions are unambiguous.

We can express the cal culation of reaching definitions as the solution of dataflow equations. We labdl every MOVE
satement with adefinition I D, and we manipulate sets of definition IDs. We say that thestatement d1:t x y
generates the definition d1, because no matter what other definitions reach the beginning of this statement, we know
that d1 reachesthe end of it. And we say that this statement kills any other definition of t, because no matter what
other definitions of t reach the beginning of the statement, they do not reach the end (they cannot directly affect the
vaueof t after this Satement).

Let usdefine defs(t) asthe set of al definitions (or definition IDs) of the temporary t. Table 17.2 summarizesthe
generate and kill effects of the different kinds of quadruples.

-17.2: Gen and kill for reaching definitions.

Statement s gen[s| Kill[s]

d:itbc {d} defs(t) {d}



d:t M[b]

M[a] b

if arelop b goto L1 elsegoto L2

goto L

f(al,, an)

d:t f(al,, an)

{d}

{}

{}

{}

{}

{}

{d}

defs(t) {d}

{}

{}

{}

{}

{}

defs(t) {d}

.gen and kill, we can compute in[n] (and out[n]) the set of definitions that reach the beginning (and end) of

each node n:
injn) = U ouf| pl

repvdn]

ount[n] = gen|n] U (in[n] — kill[n])

These equations can be solved by iteration: First in[n] and out[n] areinitiaized to the empty s, for dl n; thenthe
equations are treated as assgnment statements and repeatedly executed until there are no changes.

Wewill take Program 17.3 asan example; it isannotated with statement numbers that will aso serve as definition

IDs. In each iteration, we recalculate in and out for each satement in turn:

PROGRAM 17.3

a 5
c 1
L1 : if ¢ > a goto L2
c C +¢C
goto L1
L2 : a c - a

~NOo ok w

c 0



lter. 1 lter. 2 Iter. 3
noogenln] kilfln] eln] outln] ielw] owrle]  iela] o ontla]

I 4] 1 | I

2 4,7 | 1,2 | 1,2 | 1,2
| 1.2 | 124 124 [1.24 1.24

4 2,7 | L4 [L24 14 | 124 14
|

l4 l.4 1.4 1.4 |4
B | | 26 1,24 246 (124 246
7 24 2.6 6,7 |246 67 |246 67

~] o th e L b e

Iteration 3 serves merdly to discover that nothing changed sinceiteration 2.

Having computed reaching definitions, what can we do with theinformation? The andysisis useful in severd kinds of
optimization. Asasmple example, we can do constant propagation: Only one definition of a reaches statement 3,
so we can replacethetest c> awithc> 5.

AVAILABLE EXPRESSIONS

Suppose we want to do common-subexpression elimination; that is, given aprogram that computes X y more than
once, can we diminate one of the duplicate computations? To find places where such optimizations are possible, the
notion of available expressions ishdpful.

Anexpresson X yisavailable at anode nintheflow graphif, on every path from the entry node of the graph to
node n, X 'y iscomputed at least once and there are no definitions of x or y since the most recent occurrence of X y
on that path.

We can expressthisin dataflow equationsusing gen and kill sets, where the sets are now sets of expressions.

Any node that computes x y generates{x Yy}, and any definitionof x or y kills{x y}; see Table 17.4.

.17.4: Gen and kill for available expressons.

Statement s gen[s| Kill[s]

tbec {b ¢} kill[g| expressions containing t

t M[b] {M[b]} kill[g] expressions containing t
M[a] b {} expressions of the form M[x]

ifa> b goto L1 elsegoto L2 {3 {}



goto L {} {}

L: {} {}
f(al,, an) {} expressions of the form M[x]
t f(al,, an) {} expressions containing t, and

expressions of the form M[x]

.Iy, t b + c generatestheexpresson b + ¢. But b b + ¢ doesnot generate b + ¢, because after b + cthereisa
subsequent definition of b. The statement gen[s] ={b ¢} kill[s] takes care of this subtlety.

A store ingruction (M[a] b) might modify any memory location, o it killsany fetch expresson (M[x]). If we were
surethat a x, we could be less conservative, and say that M[a] b doesnot kill M[x]. Thisiscdled aliasanalysis;
See Section 17.5.

Given gen and kill, we compute in and out dmost asfor reaching definitions, except that we compute the
intersection of the out sets of the predecessorsinstead of aunion. Thisreflects the fact that an expressonis
avalableonly if it iscomputed on every path into the node.
inln] = ﬂ oui| p] if i is not the start node
pepred(a]
et ] = genn] U (inln] — kill[n])

To compute this by iteration, we define the in set of the start node as empty, and initialize dl other setsto full (the set
of al expressons), not empty. Thisis because the intersection operator makes sets smaller, not bigger asthe union
operator does in the computation of reaching definitions. Thisagorithm then findsthe greatest fixed point of the
equations.

REACHING EXPRESSIONS

We say that an expressont X y (innode s of the flow graph) reaches node n if thereisapath from sto n that does
not go through any assgnment to x or y, or through any computation of X y. Asusual, we can express gen and kill;
see Exercise 17.1.

In practice, the reaching expressions analysisis heeded by the common-subexpression elimination optimization
only for asmall subset of al the expressonsin aprogram. Thus, reaching expressions are usualy computed ad hoc,
by searching backward from node n and stopping whenever acomputation x y isfound. Or reaching expressions
can be computed during the calculation of available expressons,; see Exercise 17.4.

LIVENESSANALYSIS



Chapter 10 has aready covered liveness analyss, but it is useful to note that liveness can aso be expressed in terms
of gen and kill. Any use of avariable generatesliveness, and any definition killsliveness.

Statement s

tbc

t M[b]

M[a] b

ifa>bgotoL1lesegoto L2

goto L

f(al,, an)

t f(al,, an)

gen(s]

{b, c}

{b}

{a b}

{a b}

{}

{}

{al,, an}

{al,, an}

kill[g]

{t}

{t}

{}

{}

{}

{}

{}

{t}

The equationsfor in and out are Smilar to the onesfor reaching definitions and available expressions, but backward
because livenessis a backward dataflow andyss:

inln] = genln] U (onwtn] — killln])

ouln] = U inls]

sesuccin|

=
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17.3 TRANSFORMATIONSUSING DATAFLOW
ANALYSIS

Using the results of dataflow analys's, the optimizing compiler can improve the program in severd ways.

COMMON-SUBEXPRESSION ELIMINATION

Given aflow-graph satement s: t X y, wherethe expresson x yisavailable a s, the computation within s can be
eiminated.

Algorithm. Compute reaching expressions, that is, find statements of theform n: v x 'y, such that the path from n
to sdoes not compute X y or define x or y.

Choose anew temporary w, and for such n, rewrite as

n:w xy
n:vw

Findly, modify statement sto be

S:tw

Wewill rely on copy propagation to remove some or al of the extraassgnment quadruples.
CONSTANT PROPAGATION

Supposewe have astatement d: t ¢, where c isaconstant, and another statement nthat usest, suchasn:y t x.
Weknow that t iscongant in nif d reaches n, and no other definitions of t reach n.

Inthiscase, wecanrewritenasy c X.

COPY PROPAGATION



Thisislike constant propagation, but instead of aconstant ¢ we have avariable z

Suppose we have astatement d : t z. and another statement nthat usest, suchasn:y t x.

If d reaches n, and no other definition of t reaches n, and thereisno definition of z on any path from d to n (induding
apath that goesthrough n one or more times), thenwecanrewritenasn:y z Xx.

A good graph-coloring register alocator will do coalescing (see Chapter 11), which isaform of copy propagetion.
It detects any intervening definitions of zin congtructing the interference graph - an assgnment to zwhile d islive
makes an interference edge (z, d), rendering d and z uncod esceable.

If we do copy propagation before register alocation, then we may increase the number of spills. Thus, if our only
reason to do copy propagation were to del ete redundant MOV E ingtructions, we should wait until register allocation.
However, copy propagation at the quadruple stage may enable the recognition of other optimizations such as
common-subexpression eimination. For example, in the program

ay+z

uy

cu+z

the two +-expressions are not recognized as common subexpressions until after the copy propagation of u y is
performed.

DEAD-CODE ELIMINATION

If thereisaquadruples:a b cor s:a M[x], suchthat aisnot live-out of s, then the quadruple can be deleted.

Some ingructions have implicit Sde effects. For example, if the computer is configured to raise an exception on an
arithmetic overflow or divide by zero, then deletion of an exception-causing instruction will change the result of the
computetion.

The optimizer should never make a change that changes program behavior, even if the change seems benign (such as
theremovad of arun-time "error"). The problem with such optimizationsis that the programmer cannot predict the
behavior of the program - and a program debugged with the optimizer enabled may fail with the optimizer disabled.
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17.4 SPEEDING UP DATAFLOW ANALYSIS

Many dataflow analyses - including the ones described in this chapter - can be expressed using Smultaneous
equations on finite sets. So aso can many of the dgorithms used in congtructing finite automata (Chapter 2) and
parsers (Chapter 3). The equations can usually be set up so that they can be solved by iteration: by tresting the
equations as assgnment statements and repeatedly executing dl the assgnments until none of the sets changes any
more.

There are severd waysto speed up the evaluation of dataflow equations.

BIT VECTORS

A sat Sover afinitedomain (that is, where the dementsareintegersintherange 1 N or can be put in an array
indexed by 1 N) can be represented by a bit vector . The ith bitinthevectorisalif thedementiisintheset S

In the bit-vector representation, unioning two sets Sand T is done by abitwise-or of the bit vectors. If theword size
of the computer is W, and the vectors are N bitslong, then a sequence of N/W or ingtructions can union two sets. Of
course, 2N/W fetches and N/W stores will also be necessary, aswell asindexing and loop overheed.

I ntersection can be done by bitwise-and, set complement can be done by bitwise complement, and so on.

Thus, the bit-vector representation is commonly used for dataflow analysis. It would be inadvisable to use bit vectors
for dataflow problems where the sets are expected to be very sparse (so the bit vectors would be dmost adl zeros),
in which case adifferent implementation of setswould be faster.

BASIC BLOCKS

Suppose we have anode n in the flow graph that has only one predecessor, p, and p has only one successor, n.
Then we can combine the gen and kill effectsof p and n and replace nodes n and p with asingle node. Wewill take
reaching definitions as an example, but dmost any dataflow analyss permitsasmilar kind of combining.

Congder what definitions reach out of the node n:
out[n] = gen[n] (in[n] kill[n]).

Weknow in[n] isjust out[p]; therefore



out[n] = gen[n] ((gen[p] (in[p] kill[p])) Kill[n]).

By usngtheidentity (A B) C=(A C) (B C)andthen(A B) C=A (B C), wehave

out[n] = gen[n] ((gen[p] Kill[n]) (in[p] (kill[p] kill[n])).

If we want to say that node pn combines the effects of p and n, then thislast equation says that the appropriate gen
and kill setsfor pn are

gen[pn] = gen[n] (gen[p] kill[n])
kill[pn] = Kill[p] Kill[r].

We can combine dl the statements of abasic block in thisway, and agglomerate the gen and kill effects of the whole
block. The control-flow graph of basic blocksis much smaler than the graph of individuad statements, so the
multipass iterative dataflow analysis works much faster on basic blocks.

Oncetheiterative dataflow andysis dgorithm is completed, we may recover the dataflow information of an individua
statement (such as n) within ablock (such as pn in our example) by starting with the in set computed for the entire
block and - in one pass - applying the gen and kill sets of the statements that precede n in the block.

ORDERING THE NODES

In aforward dataflow problem (such as reaching definitions or available expressions), the information coming out of
anode goes in to the successors. If we could arrange that every node was calculated before its successors, the
dataflow analysiswould terminate in one pass through the nodes,

Thiswould be possibleif the control-flow graph had no cycles. We would topologically sort theflow graph - this
just gives an ordering where each node comes before its successors - and then compute the dataflow equationsin
sorted order. But often the graph will have cycles, so thissmpleideawon't work. Even so, quasi-topologically
sorting acyclic graph by depth-first search hel psto reduce the number of iterations required on cyclic graphs; in
quasisorted order, most nodes come before their successors, o information flows forward quite far through the
equations on each iteration.

Depth-first search (Algorithm 17.5) topologically sorts an acyclic graph graph, or quasi-topologically sortsacyclic
graph, quite efficiently. Using sorted, the order computed by depth-first search, the iterative solution of dataflow
equations should be computed as

r epeat
for i 1to N
n sorted[i]
in p pred[n] out[p]
out [ n] gen[ n] (in - kill[n])

until no out set changed in this iteration



ALGORITHM 17.5: Topological sort by depth-first search.

ogi cal -sort: function DFS(i)
nunmber of nodes if mark[i] = false

for all nodes i mar K[ i] true
mar K[ i] fal se for each successor s of node i
DFS( st art - node) DFS( s)
sorted[ N| i
NN- 1

Thereisno need to make in agloba aray, snceit isused only locdly in computing out.

For backward dataflow problems such asliveness analys's, we use aversion of Algorithm 17.5, gtarting from
exit-node instead of start-node, and traversing predecessor instead of successor edges.

USE-DEF AND DEF-USE CHAINS

Information about reaching definitions can be kept as use-def chains, that is, for each use of avariable x, alist of the
definitions of x reaching that use. Use-def chains do not alow faster dataflow analysis per se, but alow efficient
implementation of the optimization dgorithmsthat usethe results of the andysis.

A generdization of use-def chainsis static single-assignment form, described in Chapter 19. SSA form not only
provides more information than use-def chains, but the dataflow analysisthat computesit is very efficient.

Oneway to represent the results of liveness analysisisvia def-use chains: alist, for each definition, of al possble
uses of that definition. SSA form aso contains def-use information.

WORK-LIST ALGORITHMS

If any out set changes during an iteration of the repeat-until loop of an iterative solver, then dl the equations are
recalculated. This seemsapity, Snce most of the equations may not be affected by the change.

A work-list agorithm keepstrack of just which out sets must be recal culated. Whenever node nisrecaculated and
its out set isfound to change, all the successors of n are put onto the work list (if they're not on it dready). Thisis
illugrated in Algorithm 17.6.

ALGORITHM 17.6. A work-list dgorithm for reaching definitions.

he set of all nodes
iTe Wis not enpty
renove a node n fromW
old out[n]
in p*in; pred[ n] out[p]
out [ n] gen[ n] (in - kill[n])



if old out[n]
for each successor s of n
if s W
put s into W

Theagorithm will converge fagter if, whenever anodeisremoved from W for processng, we choose the nodein W
that occurs earliest in the sorted array produced by Algorithm 17.5.

The coaescing, graph-coloring register alocator described in Chapter 11 isan example of awork-list dgorithm with
many different work lists. Section 19.3 describes awork-list algorithm for constant propagation.

INCREMENTAL DATAFLOW ANALYSIS

Using the results of dataflow andysis, the optimizer can perform program transformations. moving, modifying, or
deeting indructions. But optimizations can cascade:

Removal of thedead code a b ¢ might cause b to become dead in apreviousingruction b x .

One common-subexpression elimination begets another. In the program

X b+c
y a+x
ub+c
v at+u

after u b + cisreplaced by u X, copy propagation changes a + u to a + x, which isacommon subexpression and
can be diminated.

A smple way to organize a dataflow-based optimizer isto perform aglobd flow anays's, then make all possible
dataflow-based optimizations, then repeat the global flow andysis, then perform optimizations, and so on until no
more optimizations can be found. At best thisiteratestwo or three times, so that on the third round there are no more
transformationsto perform.

But the worst caseis very bad indeed. Consider aprogram in which the statement z al + a2 + a3 + + an occurs

where zisdead. Thistrandatesinto the quadruples
X =) + i

I =X+

Xp2 +— Xp_3 T dy—y
z — Xp—1 + ey

Liveness andys s determinesthat z is dead; then dead-code €limination removes the definition of z. Then another



round of liveness andysis determinesthat xn 2 is dead, and then dead-code eimination removes xn 2, and so on. It
takes n rounds of analysis and optimization to remove x1 and then determine that thereis no more work to do.

A gmilar stuation occurs with common-subexpression eimination, when there are two occurrences of an expresson
suchasal + a2 + a3 + + an inthe program.

To avoid the need for repeated, globa calculations of dataflow information, there are severa Strategies.

Cutoff: Perform no more than k rounds of andysisand optimization, for k = 3 or so. Later rounds of
optimization may not be finding many transformationsto do anyway. Thisisarather unsophisticated
approach, but at least the compilation will terminate in areasonable time.

Cascading analysis. Design new dataflow anayses that can predict the cascade effects of the optimizations
that will be done.

Incremental dataflow analysis. When the optimizer makes a program transformation - which rendersthe
dataflow information invalid - ingtead of discarding the dataflow information, the optimizer should "patch” it.

Value numbering. The value-numbering andyssis an example of a cascading andysisthat, in one pass,
findsall the (cascaded) common subexpressionswithin abasic block.

Thedgorithm maintainsatable T, mapping variables to value numbers, and also mapping triples of the form (value
number, operator, value number ) to value numbers. For efficiency, T should be represented as a hash table. There
isaso agloba number N counting how many digtinct values have been seen sofar.

Usng T and N, the vaue-numbering dgorithm (Algorithm 17.7) scans the quadruples of ablock from beginning to
end. Whenever it seesan expression b + ¢, it looks up the value number of b and the vaue number of c. It then looks
up hash(nb, nc, +) in T ; if found, it meansthat b + ¢ repeatsthe work of an earlier computation; we mark b + cfor
deletion, and use the previoudy computed result. If not found, weleave b + ¢ inthe program and dso enter itin the
hash table.

ALGORITHM 17.7: Vaue numbering.

npty

for each quadruple a b C in the block
if (b k) T for sone k

nb k

el se
N N+ 1
nb N

put b nbinto T
if (¢ k) T for sone Kk
nc k



el se

N N+ 1
nc N
put C nc into T
if ((nb, , nc) m T for sone m

put a minto T
mark this quadruple a b C as a common subexpression

el se
N N + 1
put (nb, , nc) Ninto T

put a Ninto T

Figure 17.8 illustrates value numbering on abasic block: (8) isthelist of quadruples, and (b) isthe table (after the
agorithm isfinished). We can view the table asadirected acyclic graph (DAG), if weview anentry (m; , n) qasa
node g with edges to nodes m and n, asshown in Figure 17.8c.

A — |

(1,4, 21— 3

g =11} m

X — =0 i ]
w4 i
[l i .
wt o— 41 (3

A
f}\'\. LY
4

i

- , __.-" Y

7 —51 a2 |—" 4 s
g T Ya I e Vi

-]

Figure 17.8: Anillugtration of value numbering. (8) A basic block; (b) the table created by the vaue-numbering
agorithm, with hidden bindings shown crossed out; (c) aview of thetableasaDAG.

Vaue numbering is an example of asingle dataflow analyssthat caculates the effect of cascaded optimizations: inthis
case, cascaded common-subexpression dimination. But the optimizer would like to perform awide variety of
transformations - especialy when the loop optimizations described in the next chapter areincluded. It isvery hard to
design asingle dataflow andysis capable of predicting the results of many different optimizationsin combination.

Instead, we use a generd-purpose dataflow analyzer and a genera-purpose optimizer; but when the optimizer
changesthe program, it must tell the analyzer what information isno longer valid.

Incremental liveness analysis. For example, anincrementd agorithm for liveness andyss must kegp enough
information so that if astatement isinserted or deleted, the livenessinformation can be efficiently updated.

Suppose we ddete this statement s: a b ¢ from aflow graph on which we have live-in and live-out information for
every node. The changesto the dataflow information are asfollows:
1

aisno longer defined here. Therefore, if aislive-out of thisnode, it will now be live-in where it was not
before.



b isno longer used here. Therefore, if b isnot live-out of thisnode, it will no longer be live-in. We must
propagate this change backwards, and do the samefor c.

A work-ligt dgorithm will be useful here, since we can just add the predecessor of sto thework list and run until the
work list isempty; thiswill often terminate quickly.

Propagating change (1) doesthe same kind of thing that the origind (non-incrementa) work-list dgorithm for liveness
does: It makesthe live-sets bigger. Thus, our proof (Exercise 10.2) that the algorithm finds aleast fixed point of the
liveness equations aso gppliesto the propagation of additional liveness caused by the deletion of the definition of a.
Even the proof that the liveness analysis terminates was based on the idea that any change makes things bigger, and
therewas an apriori limit to how big the sets could get.

But change (2) makeslive-sets smdller, not bigger, so naively running our origina agorithm starting from the
previoudy computed in and out sets may find afixed point that isnot aleast fixed point. For example, suppose we

have the following program:
ik El; b 4

i a )
Lyth «—a+1
3 c e—=c+bh
LY a — d
4 o «— fh-2
5 ifa < N goto [
o retum ¢

Livenessandyssshowsthat dislive-in at statements 1, 2, 3, 3a, 4, 5. But aisnot live-out of statement 3a, so this
satement is dead code, and we can deleteit. If we then start with the previoudy computed datafl ow information and
use Algorithm 10.4 (page 206) until it reaches afixed point, wewill end up with the column Y of Table 10.7, whichis
not the best possible approximation of the actud livenessinformation.

A morerefined liveness analysis Therefore, we must use a better dgorithm. The solution isthat a each point
where avariable d is defined, we must keep track of exactly what usesit might have. Our liveness calculation will be
very much like Algorithm 104, but it will operate on sets of uses instead of setsof variables. Infact, itisjust likethe
reaching definitionsagorithmin reverse. Let uses(v) be the set of al uses of variable v in the program. Given a
daements:a b c, theset

live-out[s] uses(a)

containsal the uses of a that could possibly be reached by this definition.

Now, when we del ete a quadruple that uses some variable b, we can delete that use of b from dl the live-in and
live-out sets. Thisgivestheleast fixed point, aswe desire.

Cascades of dead code After ddeting statement 3afrom the program above, the incrementd liveness andysiswill
find that statement O is dead code and can be deleted. Thus, incremental liveness andysis cooperates well with
dead-code dimination. Other kinds of dataflow andysis can smilarly be made in-cremental; sometimes, asin the
cae of livenessanalys's, we must firdt refinethe analysis.
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17.5ALIASANALYSIS

The analyses we have described in this chapter consider only the values of Tree-language temporaries. Variables that
escape are represented (by the front end of the compiler) in memory locations with explicit fetches and stores, and
we have not tried to anayze the definitions, uses, and liveness of these variables. The problem isthat avariable or
memory location may have saverd different names, or aliases, so that it ishard to tell which statements affect which
varigbles.

Variablesthat can bediasesinclude:

variables passed as call-by-reference parameters (in Pascal, C++, Fortran);

variables whose addressistaken (in C, C++);

I-value expressions that dereference pointers, such asp.x in MiniJavaor *pin C;

|-value expressonsthat explicitly subscript arrays, such as {i];

and variables used in inner-nested procedures (in Pasca, MiniJava, ML).

A good optimizer should optimize these varigbles. For example, in the program fragment

p.x :=5; g.x :=7; a:=p.X

we might want our reaching definitions andysisto show that only one definition of p.x (namely, 5) reachesthe
definition of a. But the problem isthat we cannot tell if one nameisan aiasfor another. Could g point to the same
record as p? If S0, there are two definitions (5 and 7) that could reach a.

Similarly, with cal-by-reference parameters, in the program

function f( ref i: int, ref j: int) =
(i :=5; j =7, return i)



anaive computation of reaching definitions would missthefact that i might be the samevariable asj, if f iscaled with
f(x,X).

Themay-aliasrelation We use aliasanalyss, akind of dataflow andysis, to learn about different namesthat may
point to the same memory locations. Theresult of diasandyssisa may-alias rdation: p may-dias q if, in somerun
of the program, p and g might point to the same data. Aswith most dataflow andyses, satic (compile-time)
information cannot be completely accurate, so the may-diasrelation is conservative: We say that p may-dias q if we
cannot provethat p isnever andiasfor q.

ALIASANALYS SBASED ON TYPES

For languages with strong typing (such as Pascal, Java, ML, MiniJava) whereif two variables have incompatible
typesthey cannot possibly be names for the same memory location, we can use the type information to provide a
useful may-diasrdation. Also in these languages the programmer cannot explicitly make a pointer point to alocd
variable, and wewill usethat fact aswell.

Wedivide al the memory locations used by the program into digoint sets, caled alias classes. For MiniJava, here
arethe classeswewill use:

For every frame location created by Frame.allocLocal (true), wehave anew class;

For every record field of every record type, anew class,

For every array type a, anew class.

The semantic andys's phase of the compiler must compute these classes, as they involve the concept of type, of
which the later phases areignorant. Each class can be represented by a different integer.

The Trandate functions must labe every fetch and store (that is, every MEM node in the Tree language) with its
class. Wewill need to modify the Tree datastructure, putting an diasClassfield into the MEM node.

Given two MEM nodes Mi[x] and Mj[y], where i and j arethe alias classes of the MEM nodes, we can say that Mi[
X] may-dias Mj[y]if i =]j.

Thisworksfor MiniJavaand Java. But it failsin the presence of cal-by-reference or type casting.

ALIASANALYSISBASED ON FLOW



Instead of, or in addition to, aias classes based on types, we can a so make dias classes based on point of creation.

In Program 17.9a, even though p and g are the same type, we know they point to different records. Therefore we
know that amust be assigned O; the definition g.head:=5 cannot affect a Similarly, in Program 17.9b we know p and
g cannot be aliases, so amust be 0.

PROGRAM 17.9: p and g are not aliases.

type list = {head: int, {int *p, *q;
tail: list} int h,i;

var p : list 1= nil p = &h;

var g : list 1= nil q=8&;

g := list{head=0, tail=nil}; *p = 0;

p := list{head=0, tail =q}; *q = 5;

g. head : = 5; a=*p

a := p. head }

(a) MniJava program (b) C program

To catch these digtinctions automatically, we will make an dias classfor each point of creation. That is, for every
different satement where arecord isalocated (that is, for each cal to malloc in C or new in Pascd or Java) we
make anew dias class. Also, each different local or global variable whose addressistaken isan aliasclass.

A pointer (or call-by-reference parameter) can point to variables of more than one dias class. In the program

1 p:=1list {head=0, tail=nil};
2 q:=list {head=6, tail =p};
3if a=0

4 then p:=q;

5 p. head : = 4;

a line5, q can point only to dias class 2, but p might point to diasclass 1 or 2, depending on the value of a

So we must associate with each MEM node a set of dias classes, not just asingle class. After line 2 we have the
informationp {1}, g {2}; out of line4wehave p {2}, g {2}. But when two branches of control flow merge (in
the example, we have the control edges3 5and 4 5) we must merge the dias classinformation; at line 5 we have p

{1,2},9{2}.

Algorithm The dataflow agorithm manipulates sets of tuples of theform (t, d, k) where t isavariableand d, k isthe
diasclassof dl ingances of the kth field of arecord alocated at location d. The set in[s] contains(t, d, k) if t k
might point to arecord of aias class d a the beginning of satement s. Thisis an example of adataflow problem
where bit vectors will not work aswell as atree or hash-table representation better suited to sparse problems.

Instead of using gen and kill sets, we use atransfer function: We say that if A isthediasinformation (set of tuples)
on entry to astatement s, then transs(A) isthe aliasinformation on exit. The transfer function is defined by Table
17.10 for the different kinds of quadruples.




Table 17.10: Trandfer function for diasflow anayss.

Statement s transs(A)

thb (A t) {(t,d, k) (b,d k) A}
t b+ k (k isacongant) (A t){(tdi) (bdi k) A}
thbc (A t){(tdi) (bdj) A (cd k) A}
t M[b] At

M[a] b A

ifa>bgotoLldselL?2 A

goto L A

L: A

f(al,, an) A

d:t dlocRecord(a) (A t){(t,d,0)}

t f(al,, an) At

.tid st AO includesthe binding (FP, frame,0), where frame isthe specia dias class of dl frame-alocated
variables of the current function.

We use the abbreviation t to mean the set of dl tuples(t, d, k), where d, k isthe dias class of any record field
whose typeis competible with variable t. Cooperation from thefront end in providing a"smal” t for each t makes
the analysis more accurate. Of course, in atypelesslanguage, or one with type-casts, t might haveto bethe set of al
diasclasses.

The st equationsfor diasflow andyssare
inlsa] = 4y where 5 is the starl node

inln] =1_J pepredial onil pl
out|n] = tans, (in|n])

and we can compute a solution by iteration in the usua way.



Producing may-aliasinfor mation. Findly, we say that

p may-dise q a satement s

if thereexigs d; k suchthat (p, d, k) in[s] and (q, d, K) in[g].

USING MAY-ALIASINFORMATION

Given the may-diasrelation, we can treat each dias classasa"variable' in dataflow andyses such asreaching
definitions and available expressons.

To take available expressions as an example, we modify onelineof Table 17.4, the gen and kill sets:

Satement s gen[s| kill[s]

M[a] b {} {M[x]| amay disex & s}

Now we can andlyze the following program fragment:

1: u Mt]
2 . M X] r
3 w Mt]
4 b u+ w

Without diasanalysis, the goreingructionin line2 would kill the availability of M[t], since we would not know
whether t and x were related. But suppose dias andysis has determined that t may-dias x a 2 is false; then M[t] is
il available at line 3, and we can diminate the common subexpression; after copy propagation, we obtain:

1: z Mt]
2 M X] r
4 : b Z + 2

What we have shown hereisintrgprocedural diasanalyss. But an interprocedura analysiswould help to analyze the
effect of CALL ingtructions. For example, in the program

1: t fp + 12
2 u Mt]
3 f(t)

4 w  Mt]
5 b u+ w

doesthe function f modify M[t]?If so, then M[t] isnot available at line 4.



However, interprocedura dias andysisis beyond the scope of this book.

ALIASANALYSSIN STRICT PURE-FUNCTIONAL
LANGUAGES

Some languages have immutabl e variables that cannot change after their initiaization. For example, const variables
in the C language, most variablesin the ML language, and dl variablesin PureFun-MiniJava (see Chapter 15) are
immuteble

Aliasandysisis not needed for these variables. The purpose of dias andysisisto determine whether different
satementsin the program interfere, or whether one definition kills another. Though it istrue that there could be many
pointers to the same value, none of the pointers can cause the vaue to change, i.e., no immutable variable can be
killed.

Thisisagood thing for the optimizer, and aso for the the programmer. The optimizer can do constant propagation
and loop-invariant detection (see Chapter 18) without being bothered by diases; and the programmer can also
understand what a segment of the program is doing without the confusion and complexity introduced by stores
through aliased pointers.
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FURTHER READING

G odel [1931] proved the full employment theorem for mathematicians. Turing [1937] proved that the hating
problem is undecidable, and Rice [1953] proved the full employment theorem for compiler writers, even before
there were any compiler writers.

Ershov [1958] developed vaue numbering. Allen [1969] codified many program optimizations; Allen [1970] and
Cocke [1970] designed thefirst globa dataflow analysis dgorithms. Kildall [1973] first presented the fixed-point
iteration method for dataflow anayss.

Landi and Ryder [1992] give an dgorithm for interprocedura diasandyss.
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EXERCISES

17.1 Show the dataflow equations for reaching expressions(page 358). Be specific about what happensin
the case of quadruplessuchast t b ort MJt], where the defined temporary aso appears on the right-hand
sde. The dements of the gen and kill setswill be definition IDs, asin reaching definitions.

Hint: If the definition on page 358 is not clear enough to formulate a precise definition, be guided by therole
that reaching expressions must play in common-subexpression imination (page 359).

17.2 Write down the control-flow graph of basic blocks (not just statements) for Program 17.3, and show
the genand killsets (for reaching definitions) of each block.

*17.3 Show how to combine the genand killeffects of two adjacent statementsin the same basic block for
eech of:

a.

Avallable expressons.

Livenessandyss.

**17.4 Modify the dgorithm for computing available expressions to smultaneoudy compute reaching
expressions. To make the dgorithm more efficient, you may take advantage of the fact that if an expressionis
not available at statement s, then we do not need to know if it reaches s or not (for purposes of
common-subexpression eimination). Hint: For each available expression a + b that is propagated through
datement s, dso propagate a set representing al the statementsthat define a + b and reach s.

17.5 Congder the cdculation of reaching definitionson the following program:

N



a. Draw a control-flow graph for this program.

b. Show the sorted array that results from running Algorithm 17.5 on the program.

c. Cdculate reaching definitions, showing the result of each iteration in tabular format as on page 356.
How many iterations are required?

*d. Prove that when reaching definitions is computed by iteration on an acyclic graph, taking the nodesin
the order given by Algorithm 17.5, only oneiteration is necessary (the second iteration merely verifies
that nothing has changed). Hint: Prove, and make use of, the lemmathat each nodeisvisited after al of
its predecessors.

€. Suppose we order the nodes according to the order they are first visited by depth-first search.
Cdculate reaching definitions using that order, showing the resultsin tabular format; how many iterations
arerequired?

*17.6 Write down awork-list dgorithm for liveness analyss, in aform smilar to that of Algorithm 17.6.
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Chapter 18:. Loop Optimizations

OVERVIEW

loop: aseries of indructionsthat is repeated until aterminating condition is reached
Webgter's Dictionary

Loops are pervasive in computer programs, and agreat proportion of the execution time of atypica programis
spent in oneloop or another. Hence it isworthwhile devising optimizations to make loops go faster. Intuitively, aloop
Isasequence of ingtructions that ends by jumping back to the beginning. But to be able to optimize |oops effectively
we will use amore precise definition.

A loop inacontrol-flow graph isaset of nodes Sinduding aheader node h with the following properties:

From any nodein Sthereisapath of directed edges|eading to h.
Thereisapath of directed edgesfrom h to any nodein S,

Thereisno edge from any node outside Sto any nodein Sother than h.
Thus, the dictionary definition (from Webster's) is not the same as the technica definition.

Figure 18.1 shows someloops. A loop entry nodeis one with some predecessor outside the loop; a loop exit node
Isone with asuccessor outside theloop. Figures 18.1c, 18.1d, and 18.1f illustrate that aloop may have multiple
exits, but may have only one entry. Figures 18.1e and 18.1f contain nested loops.
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Figure 18.1: Someloops, in each case, 1 isthe header node.
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REDUCIBLE FLOW GRAPHS

A reducible flow graph isonein which the dictionary definition of loop corresponds more closely to the technical
definition; but let us develop amore precise definition.

Figure 18.2a does not contain aloop; either nodein the strongly connected component (2, 3) can be reached without
going through the other.
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Figure 18.2: None of these contains aloop. Dotted linesindicate reduction of graph (c) by deleting edges and
collgpsing nodes.

Figure 18.2c contains the same pattern of nodes 1, 2, 3; this becomes more clear if we repestedly delete edges and
collapse together pairs of nodes (x, y), where x isthe only predecessor of y. That is: Delete 6 9, 5 4, collapse (7,
9,3, 7),(7,8),(5,6),(1,5), (1, 4); and we obtain Figure 18.2a. An irreducible flow graph isoneinwhich - after
collapsing nodes and deleting edges - we can find asubgraph like Figure 18.2a.

A reducible flow graph isone that cannot be collgpsed to contain such a subgraph. Without such subgraphs, then
any cycle of nodes does have a unique header node.

Common control-flow congtructs such as if-then, if-then-else, while-do, repeat-until, for, and break (even
multilevel break) can only generate reducible flow graphs. Thus, the control-flow graph for aMiniJavaor Java
function, or aC function without goto, will always be reducible.

Thefollowing program corresponds to the flow graph in Figure 18.1e, assuming MiniJavawere augmented with
repeat-until loops:

function isPrime(n: int) : int =
(i =2
repeat j := 2;
repeat if i*j=n
then return O
elsej :=j+1
until j=n;
i =i+l
until i=n;
return 1)



Inafunctiond language, loops are generaly expressed using tail-recursive function cals. TheisPrime program might
be written as.

function isPrime(n: int) : int =
0 tryl(n, 2)
function tryl(n: int, i: int) : int =
1 tryd(n,i, 2)
function tryJ(n: int, i: int, j: int) : int =
2 if i*j=n
3 then O
4 el se nextJ(n,i,j+1)
function nextJ(n: int, i: int, j: int) : int =
5 if j=n
then nextl(n,i+1)
else tryJ(n,i,j)
function nextl(n: int, i: int) : int =
6 if i=n
then 1
else tryl(n,i)

where the numbers 1-6 show the correspondence with the flow-graph nodes of Figure 18.1f.

Because the programmer can arrange these functionsin arbitrary ways, flow graphs produced by the tail-cdll
structure of functiona programs are sometimesirreducible.

Advantages of reducible flow graphs Many dataflow analyses (presented in Chapter 17) can be done very
efficiently on reducible flow graphs. Instead of using fixed-point iteration ("'keep executing assgnments until there are
no changes'), we can determine an order for computing the assgnments, and cal culate in advance how many
assgnmentswill be necessary - that is, there will never be aneed to check to seeif anything changed.

However, for the remainder of this chapter we will assumethat our controlflow graphs may be reducible or
irreducible.
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18.1 DOMINATORS

Before we optimize the loops, we must find them in the flow graph. The notion of dominators isuseful for that
purpose.

Each control-flow graph must have astart node SO with no predecessors, where program (or procedure) execution is
assumed to begin.

A node d dominates anode n if every path of directed edgesfrom s0 to n must go through d. Every node dominates
itsdlf.

ALGORITHM FOR FINDING DOMINATORS

Consider anode n with predecessors pl, , pk, and anode d (with d n). If d dominates each one of the pi, then it
must dominate n, because every path from s0 to n must go through one of the pi, but every path from sO to a pi mugt
go through d. Conversdly, if d dominates n, it must dominate al the pi ; otherwise there would be a path from sOto n
going through the predecessor not dominated by d.

Let D[n] bethe st of nodesthat dominate n. Then

D[so] = [50] Din) = {,qu( ﬂ D|p|) for 1 # sg.

papred|al

The smultaneous equations can be solved, asusud, by iteration, tresting each equation as an assgnment statement.
However, in this case each set D[n] (for

n s0) must beinitidized to hold dl the nodes in the graph, because each assgnment D[n] {n} makes D[n] smdler
(or unchanged), not larger.

Thisagorithm can be made more efficient by ordering the set assgnmentsin quasi-topologica order, that is,
according to adepth-first search of the graph (Algorithm 17.5). Section 19.2 describes afaster algorithm for
computing dominators.

Technically, an unreachable node is dominated by every node in the graph; we will avoid the pathologiesthis can
cause by deleting unreachable nodes from the graph before ca cul ating dominators and doing loop optimizations. See
aso Exercise 18.4.

IMMEDIATE DOMINATORS



Theorem: In aconnected graph, suppose d dominates n, and e dominates n. Then it must be that either d dominates
e, or edominates d.

Proof: (By contradiction.) Suppose neither d nor e dominates the other. Then there is some path from S0 to e that
does not go through d. Therefore any path from e to n must go through d;otherwise d would not dominate n.

Conversdly, any path from d to n must go through e. But this meansthat to get from e to n the path must infinitely
loopfromdto eto d and never get to n.

Thistheorem tdls usthat every node n has no more than one immediate dominator, idom.n), such that

1.

idom(n) is not the same node as n,
2.

idom(n) dominates n, and
3.

idom(n) does not dominate any other dominator of n.

Every node except S0 isdominated by at least one node other than itsalf (since SO dominates every node), so every
node except S0 has exactly oneimmediate dominator.

Dominator tree Let usdraw agraph containing every node of the flow graph, and for every node n an edge from
idom(n) to n. The resulting graph will be atree, because each node has exactly one immediate dominator. Thisis
cdled the dominator tree.

Figure 18.3 shows aflow graph and its dominator tree. Some edges in the dominator tree correspond to sSingle
flow-graph edges (such as4 6), but othersdo not (such as4 7). That is, the immediate dominator of anodeis not
necessarily its predecessor in the flow graph.
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Figure 18.3: (@) A flow graph; (b) its dominator tree.

A flow-graph edge from anode n to anode h that dominates niscaled a back edge. For every back edgethereisa
corresponding subgraph of the flow graph that isaloop. The back edgesin Figure 18.3aare3 2,4 2,10 5,9 8.

LOOPS

The natural loop of aback edge n h, where h dominates n, isthesetof nodes x such that h dominates x and thereis
apath from x to n not containing h. The header of thisloop will be h.

The natural 1oop of the back edge 10 5 from Figure 18.3a includes nodes 5, 8, 9, 10 and has the loop 8, 9 nested
withinit.

A node h can be the header of more than one natura loop, if thereis more than one back edgeinto h. In Figure 18.3a
, the natural loop of 3 2 congsts of the nodes 3, 2 and the natural loop of 4 2 consists of 4, 2.

The loop optimizations described in this chapter can cope with any loop, whether it isanatura loop or not, and
whether or not that loop shares its header with some other loop. However, we usudly want to optimize an inner loop
firgt, because most of the program's execution time is expected to be in the inner loop. If two |oops share a header,
then it ishard to determine which should be considered the inner loop. A common way of solving this problemisto
merge dl the natural loops with the same header. The result will not necessarily be anatura loop.

If we mergedl theloopswith header 2in Figure 18.3a, we obtain the loop 2, 3, 4 - which is not anatural loop.

Nested loops If A and B areloopswith headers a and b, respectively, suchthat a b and bisin A, then the nodes of
B are aproper subset of the nodes of A. We say that loop Bisnested within A, orthat B isthe inner loop.

We can construct a loop-nest tree of loopsin aprogram. The procedureis, for aflow graph G:

1.



Compute dominators of G.

Construct the dominator tree.

Find al the natura loops, and thus all the loop-header nodes.

For each loop header h, mergedl the natural loops of h into asingleloop, loop[h].

Construct the tree of loop headers (and implicitly loops), such that hl isabove h2 inthetreeif h2isin loop[h
1].

The leaves of the loop-nest tree are the innermost loops.

Just to have aplace to put nodes not in any loop, we could say that the entire procedure body is a pseudo-loop that
sitsat the root of the loop-nest tree. The loop-nest tree of Figure 18.3 isshownin Figure 18.4.

1
6.7.11,12

Figure 18.4: The loop-net tree for Figure 18.3a. Each loop header is shown in the top half of each ova (nodes 1, 2,
5, 8); aloop comprises aheader node (e.g., node 5), al the other nodes shown in the same oval (e.g., node 10), and
all the nodes shown in subtrees of the loop-nest-tree node (e.g., 8, 9).

L OOP PREHEADER

Many loop optimizations will insert satementsimmediately before the loop executes. For example, loop-invariant
hoisting moves a statement from inside the loop to immediately before the loop. Where should such statements be
put? Figure 18.5a illustrates a problem: If we want to insert statement sinto abasic block immediately before the
loop, we need to put s at the end of blocks 2 and 3. In order to have one place to put such statements, we insert a
new, initidly empty, preheader node p outsde the loop, with an edge p h. All edges x h from nodes x ingdethe
loop are left unchanged, but dl existing edges'y h from nodes y outside the loop are redirected to point to p.



ib)

Figure 18.5: (a) A loop; (b) the same loop with a preheader.
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18.2 LOOP-INVARIANT COMPUTATIONS

If aloop containsastatement t b such that a has the same va ue each time around the loop, and b hasthe same
vaue each time, then t will also have the same val ue each time. Wewould like to hoist the computation out of the
loop, so it iscomputed just once instead of every time.

We cannot waystel if awill have the same value every time, so asusud we will conservatively approximate. The
definitiond: t al a2isloopinvariant withinloop L if, for each operand ai

1.

ai isaconstant,
or dl theddfinitionsof ai that reach d are outside the loop,

or only onedefinition of ai reaches d, and that definition isloop-invariant.

Thisleads naturaly to an iterative agorithm for finding loop-invariant definitions: First find al the definitionswhose
operands are congtant or from outside the loop, then repeatedly find definitions whose operands are loopinvariant.

HOISTING

Supposet a bisloop-invariant. Can we hoist it out of the loop? In Figure 18.6a, hoisting makes the program
compute the same result faster. But in Figure 18.6b, hoisting makes the program faster but incorrect - the origina
program does not always executet a b, but the transformed program does, producing an incorrect vauefor X if i
N initidly. Hoiging in Figure 18.6¢ isaso incorrect, because the origina loop had more than one definition of t, and
the transformed program interleaves the assgnmentsto t in adifferent way. And hoisting in Figure 18.6d iswrong
because there is auseof t before theloop-invariant definition, so after hoigting, thisusewill have the wrong vaue on

thefirdt iteration of theloop.

L Lo La

i+ 1 r — @ h i =041
— ¢ H Wi] —¢ I — i Fali
i)« ¢ i — 0 Wi «— i
ol f Wijil+~—¢ Wd = N goto Ly

Wi =1
ifi < N poto L

Figure 18.6: Some good and bad candidates for hoistingt a b.



With these pitfdlsin mind, we can set the criteriafor hoising d: t a b to the end of the loop preheader:
1

d dominatesdl loop exitsat which t is live-out,

and thereisonly onedefinition of t inthe loop,

3.and t isnot live-out of the loop preheader.

Implicit side effects These rulesneed modificationif t a b could raise some sort of arithmetic exception or have
other side effects; see Exercise 18.7.

Turning whileloopsinto repeat-until loops Condition (1) tendsto prevent many computations from being hoisted
from while loops, from Figure 18.7a it is clear that none of the statementsin the loop body dominates the loop exit
node (which isthe same as the header node). To solve this problem, we can transform the while loop into a r epeat
loop preceded by an if statement. This requires duplication of the statementsin the header node, as shown in Figure
18.7b. Statementsin the body of a repeat |oop dominate the loop exit (unlessthey arein aninner if, oriftherasa
break statement), so condition (1) will be satisfied.

Figure 18.7: A while loop (a), transformed into arepeat 1oop (b).

18.3INDUCTION VARIABLES

Some loops have avariable i that isincremented or decremented, and avariable | that isset (intheloop) to i -c+d,
where ¢ and d are loop-invariant. Then we can caculate j's va ue without referenceto i; whenever i isincremented
by awecanincrement j by c - a.

Consider, for example, Program 18.8a, which sumsthe elements of an array. Using induction-variable analysis to
findthat i and j arerelated induction variables, strength reduction to replace amultiplication by 4 with an addition,
then induction-variable elimination to replace i nby k 4n + a, followed by miscellaneous copy propagation, we
get Program 18.8b. The transformed loop has fewer quadruples; it might even run faster. Let us now take the series
of transformations one step at atime.



PROGRAM 18.8: A loop before and after induction-variable optimizations.

sO sO

i 0 k a
L1:ifingotoL2 bn-4
ji-4 ca+b

kj+a L1:ifk cgotoL2

x M[K] x M[k]
S+ X S+ X
i+l k k+4
goto L1 goto L1

L2 L2
(a) Before (b) After

We say that avariable such asi isa basic induction variable, and j and k are derived induction variablesin the
family of i. Right after j isdefined (inthe origind loop), wehavej = aj + 1 - bj, where @) =0 and bj = 4. We can
completely characterizethevalue of j a itsdefinition by (i, a, b), where i isabasic induction varidbleand a and b are
loop-invariant expressions.

If thereisanother derived induction variable with definition k j + ck(where ck isloop-invariant), then k isasointhe
family of i. We can characterize k by thetriple (i, @ + ck, bj ), thatis, k=aj + ck+i - bj .

We can characterize the basic induction variable i by atriplein the sameway, that is (i, O, 1), meaningthat i =0 + i -
1. Thus every induction variable can be characterized by such atriple.

If an induction variable changes by the same (constant or loop-invariant) amount in every iteration of the loop, we say
itisalinear induction variable. In Figure 18.9a, theinduction varigble i isnot linear: It isincremented by b in some
iterations and by 1 in other iterations. Furthermore, in someiterationsj D i - 4 and in other iterations the derived
induction varidble | gets (temporarily) left behind as i isincremented.




sO

L1:if s> Ogoto L2

sO

ji-4

bb-4

nn-4

L1:if s> Ogoto L2

Ii+hb jj+b
ji-4 i
x M[j] x M[j]

S s X S s X
goto L1 goto L1
L2:ii+1 L2:jj+4
S Stj S Stj
ifi<ngoto L1 ifj <ngotoLl
(a) Before (b) After

. 18.9: The basic induction variable i isincremented by different amountsin different iterations; the derived
induction varidble j isnot changed in every iteration.

DETECTION OF INDUCTION VARIABLES

Basic induction variables Thevariable i isabascinduction variablein aloop L with header node h if the only
definitionsof i within L areof theformi i+ cori ic, where cisloop-invariant.

Derived induction variables. Thevarigble k isa derived induction variable inloop L if:

1.



Thereisonly one definition of k within L, of theform k j -cor k j + d, where j isan induction variableand c;
d are loop-invariant;

and if | isaderived induction variablein thefamily of i, then:
a.

the only definition of j that reaches k isthe onein theloop,

and thereisno definition of i on any path between the definition of j and the definition of k.

Assuming j ischaracterized by (i, a, b), then k isdescribed by (i a - ¢, b - ¢) or (i, a + d, b), depending on whether k
'sdefinitionwasj - cor j + d.

Statements of theform k j ¢ can betreated ask j + ( ¢) for purposes of induction-variable anadyss (unless cisnot
representable, which can sometimes happen with 2's complement arithmetic).

;o
Division Statements of theform k j/c can berewritten as ¥ <= J * (&)vso that k could be considered an induction
variable. Thisfact isuseful for floating-point ca culations - though we must beware of introducing subtle numerica
erorsif 1/c cannot be represented exactly. If thisisan integer divison, we cannot represent /c at dll.

STRENGTH REDUCTION

On many machines, multiplication is more expensive than addition. So we would like to take aderived induction
variablewhose definitionisof theform | i - c and replaceit with an addition.

For each derived induction variable j whosetripleis(i, a, b), makeanew variable j (athough different derived
induction variables with the sametriple can share the same j variable). After each assgnment i i + ¢, makean
assgnmentj j + ¢ - b, where c - bisaloop-invariant expression that may be computed in the loop preheader. If ¢
and b are both congtant, then the multiplication may be done at compile time. Replace the (unique) assigment to |
withj | . Findly, itisnecessary toinitidize | at the end of the loop preheader, withj a+i - b.

We say two induction varigbles x, y inthefamily of i are coordinated if (x ax)/=bx =(y ay)/by at every timeduring
the execution of the loop, except during a sequence of satements 2 2 + d, where d isloop-invariant. Clearly, dl
the new varidblesin thefamily of i introduced by strength reduction are coordinated with each other, and with i.

When the definition of aninduction variablej isreplaced by j j , weknow that j iscoordinated but j might not be.
However, the standard copy propagation agorithm can help here, replacing uses of | by usesof j wherethereisno
intervening definition of j .

Thus, ingtead of using flow andlysisto learn whether j is coordinated, we just use j instead, where copy propagation



saysitislega to do so.

After strength reduction thereis till amultiplication, but it is outsde the loop. If the loop executes more than one
iteration, then the program should run faster with additions instead of multiplication, on many machines. The results of
strength reduction may be disappointing on processors that can schedule multiplicationsto hide their latency.

Example Let us perform strength reduction on Program 18.8a. Wefind that j isaderived induction varigble with
triple(i, 0, 4), and k hastriple (i, a, 4). After strength reduction on both j and k, wehave

S 0
i
]

n goto L2

+ + P X

EE

We can perform dead-code elimination to remove the statement j j . Wewould dso liketo remove dl the
definitions of the useless variable j , but technicdly it isnot dead, sinceit isused in every iteration of the loop.

ELIMINATION

After strength reduction, some of the induction variables are not used at al in the loop, and othersare used only in
comparisons with loop-invariant variables. These induction variables can be deleted.

A vaiableisusdessinaloop L if itisdead at al exitsfrom L, anditsonly useisin adefinition of itsalf. All definitions
of ausdessvariable may be deleted.

In our example, after theremova of |, thevariable | isusedless. Wecandelete j + 4. Thisleavesadefinition of j in
the preheader that can now be removed by dead-code eimination.

REWRITING COMPARISONS

A varidble k isalmost useless if it isused only in comparisons againg loopinvariant values and in definitions of itsdlf,
and there is some other induction varigble in the same family that is not usaless. An amost-usdess variable may be
made usel ess by modifying the comparison to use the related induction variable.

If wehave k < n, where ] and k are coordinated induction variablesin the family of i, and n isloop-invariant, then



weknow that (j aj)/bj =(k ak)/bk, so therefore the comparison k < n can be written as

L b
e b,

!

(f—as) = n.

Now, we can subtract ak from both sides and multiply both sdesby bj /bk. If bj /bk ispostive, the resulting
comparison is

butif bj /bk is negative, then the comparison becomes

J—a; = —J{Jr—akl

hﬁ.

ingtead. Finally, we add aj to both sides (here we show the positive case):
b

| = —=(n —a)+a;.
i mi k) j

The entire right-hand side of this comparison isloop-invariant, so it can be computed just once in the loop preheader.

Restrictions:
1.

If bj (n ak) isnot evenly divisble by bk, then this transformation cannot be used, because we cannot hold a
fractiona vauein an integer varigble.
2.

If bj or bk isnot congtant, but isaloop-invariant value whose sign is not known, then the transformation
cannot be used since we won't know which comparison (less-than or greater-than) to use.

Example In our example, the comparison i < n canbereplacedby k<a+4 - n. Of course, a+ 4 - nis
loop-invariant and should be hoisted. Then i will be usdless and may be deleted. The transformed programiis

S

k

b n. 4
c b
L1 : if k < c goto L2
k k

x  MK]

S S+ X
k k + 4

goto L1
L2

Findly, copy propagation can diminate k k , and we obtain Program 18.8b.
18.4 ARRAY-BOUNDSCHECKS

Safe programming languages automatically insert array-bounds checks on every subscript operation (see the sermon



on page 147). Of course, in well-written programs all of these checks are redundant, since well-written programs
don't access arrays out of bounds. We would like safe languages to achieve the fast performance of unsafe
languages. Instead of turning off the bounds checks (which would not be safe) we ask the compiler to remove any
checksthat it can prove are redundant.

We cannot hope to remove al the redundant bounds checks, because this problem is not computable (it isas hard as
the halting problem). But many array subscripts are of theform a[i], where i isan induction variable. These the
compiler can often understand well enough to optimize.

The boundsfor an array are generdly of theform 0 i i < N. When N isnonnegative, asit dwaysisfor array sizes,
thiscan beimplemented asi u N, where u isthe unsigned comparison operator.

Conditionsfor diminating array-bounds checking. Although it seems naturdl and intuitive that an induction
variable must stay within acertain range, and we should be ableto tell whether that range does not exceed the
bounds of the array, the criteriafor eiminating a bounds check from aloop L are actudly quite complicated:

1.

Thereisaninduction variable ] and aloop-invariant u used in astatement s, taking one of the following
forms

(0]

ifj <ugoto L1esegoto L2

ifj ugotoL2esegoto L1

if u>j goto L1 esegoto L2

ifu j gotoL2esegoto L1

where L2 isout of the loop.

Thereisastatement s2 of theform, if k <u n goto L3 else goto L4, where k isan induction variable
coordinated with j, nisloop-invariant, and s1 dominates s2.

Thereisno loop nested within L containing adefinition of k.

k increaseswhen j does, that is, b j /bk > O.

Often, nwill be an array length. In alanguage with Setic arrays an array length nisacongtant. In many languages
with dynamic arrays, array lengths are loop-invariant. In MiniJava, Java, and ML the length of an array cannot be



dynamicaly modified once the array has been alocated. The array length n will typically be cdculated by fetching the
length field of some array pointer v. For the sake of illustration, assumethe length fidd is at offset Ointhe array
object. To avoid the need for complicated alias analys's, the semantic analysis phase of the compiler should mark the
expresson M[v] as immutable, meaning that no other store instruction can possibly update the contents of the length
field of thearray v.If v isloop-invariant, then n will dso beloop-invariant. Evenif nisnot an array length but is some
other loop invariant, we can gtill optimize the comparison k <u n.

Wewant to put atest in the loop preheader that expressestheideathat in every iteration, k 0 k < n. Let kO bethe
vaueof k at the end of the preheader, and let k1, k2,, km beall theloop-invariant valuesthat are added to k

insgdetheloop. Then we can ensure k 0 by testing
Az0n Ak =0 - Ak, =0

at the end of the preheader.

Let k1, k2,, kp bethe st of loop-invariant vaues that are added to k on any path between sl and s2 that does
not go through sl (again). Then, toensure k < n at 2, itissufficienttoensurethat k < n (k1 + + kp) at s1. Since
weknow (k ak)/bk =(j aj)/bj, thistest becomes

IF'
__f-: l{?!—{ﬁk|+"-+&k|]—ﬂ_{-l+ﬂ .
'F’.‘. f 4

Thiswill dwaysbetrueif

b
o= f—"'{u—{é.h + oo Aky) —ag) +ay
Y ’

A

sncethetest j < udominatesthetest k < n.
Since everything in this comparison isloop-invariant, we can move it to the preheader asfollows. First, ensure that
definitions of loop-invariants are hoisted out of theloop. Then, rewritetheloop L asfollows: Copy dl the statements
of L to makeanew loop L with header L h. Indgde L , replace the statement
ifk<ngotoL 3elsegoto L 4
by goto L 3. At the end of the preheader of L, put statements equivalent to
ifk=0A kiz=2z0A o Aky=0
A= ::—}':n — (AR + o+ Ak —ag) +ay

goto L,
else goto L,

The conditiond goto testswhether k will aways be between 0 and n.

Sometimeswe will have enough informetion to evauate this complicated condition a compiletime. Thiswill betruein
at least two Stuations:

1.

al theloop-invariants mentioned in it are congtants; or

n and u are the same temporary variable, ak = aj, bk = bj, and thereareno k's added to k between sl and



s2. Inalanguage like MiniJava or Javaor ML, this could happen if the programmer writes,

let var u := length(A)
var i :=0
in while i<u
do (sum:= sum+ Ali];
i = 0+1)
end

The quadruplesfor length(A) will include u M[A], assuming that the length of an array isfetched from offset

zero from the array pointer; and the quadruplesfor A[i] will include n M[A], to fetch n for doing the bounds
check. Now the expressons defining u and n are common subexpressions, assuming the expresson M[A] is
marked so that we know that no other STORE ingtruction is modifying the contents of memory location M[A

].

If we can evauate the big comparison at compile time, then we can unconditionaly useloop L or loop L , and delete
the loop that we are not using.

Cleaning up After this optimization, the program may have severa |oose ends. Statements after the label L 4 may be
unreachable; there may be severa usdless computations of n and k within L . The former can be cleaned up by
unreachable-code elimination, and the latter by dead-code elimination.

Generalizations To be practicdly useful, the dgorithm needsto be generalized in severa ways.

1.
The loop-exit comparison might take one of the forms
0
ifj ugoto L1elsegoto L2
0
ifj >ugoto L2esegoto L1
0
ifu j goto L1elsegoto L2
0
if u<j gotoL2édsegoto L1
which comparesj uingead of j < u.
2.

Theloop-exit test might occur at the bottom of the loop body, instead of before the array-boundstest. We
can describe this Stuation asfollows: Thereisatest
2:ifj<ugoto L1l esegoto L2

where L2 isout of the loop and s2 dominates al the loop back edges. Thenthe ki of interest are the ones
between s2 and any back edge, and between the loop header and s1.



We should handle the case where bj/bk < O.

4,
We should handle the case where j counts downward instead of up, and the loop-exit test is something like |
l, for | aloop-invariant lower bound.

5.
Theinduction-variableincrements might be "undisciplined”; for example,

while i<n-1
do (if sunx0O
then (i:=i+1; sum= sumti; i:=i+1)
else i :=1i+2;
sum:= sum+ ali])

Herethere arethree i, (of 1, 1, and 2, respectively). Our analysiswill assumethat any, all, or none of these
increments may be gpplied; but clearly theeffectisi i + 2 on ether path. In such cases, an analysisthat hoists (and
merges) the increments above the if will be useful.

PROGRAM 18.10: Usdlessloop unralling.

L1:x M[i]

SSs+X

ii+4

ifi<ngotoL 1eselL?2

L1:x MIi] L1:x M[i]
S S+X S S+X
ii+4 ii+4

ifi<ngotoLleselL2
L2

(a) Before

ifi<ngotoL 1esel2
L2

(b) After
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18.5LOOP UNROLLING

Some loops have such asmdl body that most of the time is spent incrementing the loop-counter variable and testing
the loop-exit condition. We can make these loops more efficient by unrolling them, putting two or more copies of
theloop body in arow.

Given aloop L with header node h and back edges 9 h, we can unroll theloop asfollows:

1.

Copy the nodesto make aloop L with header h and back edges si
2.

Changedl theback edgesin L fromd htos h.
Changedl theback edgesin L fromsi htosi h.

For example, Program 18.10a unrollsinto Program 18.10b. But nothing useful has been accomplished; each
"origind" iteration till has an increment and a conditional branch.

By using information about induction variables, we can do better. We need an induction variable i such that every
increment i i + dominates every back edge of theloop. Then we know that each iteration increments i by exactly
the sum of all the 's, so we can agglomerate the increments and loop-exit teststo get Program 18.11a. But this
unrolled loop works correctly only if the origina loop iterated an even number of times. We execute"odd" iterations
inan epilogue, as shown in Program 18.11b.

PROGRAM 18.11: Ussful loop unralling; (a) works correctly only for an even number of iterations of the original

Iooi; ib) worksfor any number of iterations of the origina loop.

ifi<n 8goto L1ese L2

L1:x MIi]

SS+X

x M[i +4]

SS+X



L1:x MIi] ii+8

S S+ X ifi<n 8gotoLleseL?2
x M[i +4] L2x M[i]

S S+ X S S+ X

i1+8 ii+4
ifi<ngotoLleselL?2 ifi<ngotoLlesel3
L2 L2

(@) Fragile (b) Robust

Here we have shown only the case of unrolling by afactor of two. When aloop isunrolled by afactor of K, then the
epilogueisaloop (much likethe origina one) that iteratesup to K 1 times.

- . 4 Previous | Mext ¢
Team-Fly “§



Team-Fly

4 Previous | Mesxt #

FURTHER READING

Lowry and Medlock [1969] characterized |oops using dominators and performed induction-variable optimizations.
Allen[1970] introduced the notion of reducible flow graphs. Aho et a. [1986] describe many optimizations,
anayses, and transformations on loops.

Splitting control-flow nodes or edges gives a place into which statements can be moved. The loop-preheader
transformation described on page 382 is an example of such splitting. Other examples are landing pads [Cytron et
al. 1986] - nodesinserted in each loop-exit edge; postbody nodes [Wolfe 1996] - nodes inserted at the end of a
loop body (see Exercise 18.6); and edge splitting to ensure a unique successor or predecessor property [Rosen et
al. 1988] (see Section 19.1).

Chapter 19 describes other loop optimizations and afaster algorithm for computing dominators.
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EXERCISES

18.1

Calculate the dominators of each node of this Howgraph:

A
e
PAVAVER)

v/

f
¥
K— L +—DM

Show the immediate-dominator tree.
Identify the set of nodesin each natura |oop.

18.2 Caculate the immediate-dominator tree of each of the following graphs:

a.

Thegraph of Figure 2.8.

The graph of Exercise 2.3a

The graph of Exercise 2.5a

Thegraph of Figure 3.27.

*18.3 Let G be acontrol-flow graph, h beanodein G, A bethe set of nodesin aloop with header h, and B
be the set of nodesin adifferent loop with header h. Prove that the subgraph whose nodesare A Bisdsoa
loop.



*18.4 The immediate-dominator theorem (page 380) isfase for graphs that contain unreachable nodes.
a.

Show agraph with nodes d, e, and n such that d dominates n, e dominates n, but neither d dominates e
nor e dominates d.

| dentify which step of the proof isinvalid for graphs containing unreachable nodes.

In gpproximately three words, name an agorithm useful in finding unreachable nodes.

*18.5 Show that in a connected flowgraph (one without unreachable nodes), a natura |oop as defined on
page 381 stisfies the definition of loop given on page 376.

18.6 For some purposesit is desirable that each |oop-header node should have exactly two predecessors,
one outsde theloop and one insde. We can ensure that there is only one outside predecessor by inserting a
preheader node, as described in Section 18.1. Explain how to insert a postbody node to ensure that the loop
header has only one predecessor insde the loop.

*18.7 Suppose any arithmetic overflow or divide-by-zero will raise an exception a runtime. If wehoist t a
b out of aloop, and the loop might not have executed the statement at al, then the transformed program may
raise the exception where the original program did not. Revise the criteriafor loopinvariant hoistingto take
account of this. Instead of writing something informd like "might not execute the Satement”, usethe
terminology of dataflow andysis and dominators.

18.8 On pages 385+385 the transformation of a while loop to a repeat loop is described. Show how a
while loop may be characterized in the control-flow graph of basic blocks (using dominators) so that the
optimizer can recognizeit. The body of theloop may have explicit break statementsthat exit the loop.

*18.9 For bounds-check elimination, we required (on page 392) that the loop-exit test dominate the
bounds-check comparison. If it isthe other way around, then (effectively) we have one extraarray subscript
at the end of theloop, so the criterion

ak+i-bk 0 (n ak) bj <(u &) -bk

is"off by one." Rewrite this criterion for the case where the bounds-check comparison occurs before the
loop-exit test.



*18.10 Write down the rulesfor unrolling aloop, such that the induction-variable increments are
agglomerated and the unrolled loop has only one loop-exit test per iteration, as was shown informally for

Program 18.10.
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Chapter 19: Static
Single-Assignment Form

dom-i-nate: to exert the supreme determining or guiding influence on

Webgter's Dictionary
OVERVIEW

Many dataflow analyses need to find the use Sites of each defined variable or the definition Sites of each variable used
in an expression. The def-use chain isadata structure that makes this efficient: For each statement in the flow graph,
the compiler can keep alist of pointersto dl the use sites of variables defined there, and alist of pointersto all
definition sites of the variables used there. In thisway the compiler can hop quickly from useto definition to useto
definition.

Animprovement on theidea of def-use chainsis static single assignment form, or SSA form, an intermediate
representation in which each variable has only one definition in the program text. The one (datic) definition Site may
bein aloop that is executed many (dynamic) times, thus the name static sngle assgnment form ingtead of sngle
assgnment form (in which variables are never redefined at dl).

The SSA form isuseful for severd reasons:
1.

Dataflow andysis and optimization agorithms can be made smpler when each variable has only one
definition.

If avariable has N uses and M definitions (which occupy about N + M ingtructionsin aprogram), it takes
space (and time) proportional to N - M to represent def-use chains - a quadratic blowup (see Exercise 19.8).
For dmogt dl redlitic programs, the Size of the SSA formislinear in the size of the origina program (but see
Exercise 19.9).

Usesand defs of variablesin SSA form relate in auseful way to the dominator structure of the control-flow
graph, which smplifies dgorithms such asinterference graph construction.



. ax+y al x+y

bal bl all
ay+hb a2 y+bl
bx-4 b2 x -4
aa+b a3 a2+ b2
@ (b)

. Figure 19.1: () A graight-line program. (b) The programin singl gnment form.
4,

Unrelated uses of the same variable in the source program become different variablesin SSA form,
eliminating needless relaionships. An exampleisthe program,

fori 1toNdoAJ[i] O
fori 1toMdos s+ BJi]

where there is no reason that both loops need to use the same machine register or intermediate code
temporary variable to hold their respective loop counters, even though both are named i.

In straight line code, such aswithin abasic block, it is easy to see that each ingtruction can define afresh new variable
instead of redefining an old one, asshown in Figure 19.1. Each new definition of avariable (such as a) ismodified to
defineafresh new varigble (al, a2, ), and each use of the variable is modified to use the most recently defined
verson. Thisisaform of value numbering (see page 365).

But when two control-flow paths merge together, it is not obvious how to have only one assignment for each
variable. In Figure 19.2a, if we wereto defineanew verson of ainblock 1 and in block 3, which version should be
used in block 4? Where a statement has more than one predecessor, there is no notion of "most recent.”
_ . By M[3] ]! LG '£|'|'{.fj] !
b= M[x] ay =10 a =D

Ld 1. -
v [ifby <4]° [ifby < 4]*

Figure 19.2: (a) A program with a control-Flow join; (b) the program trans formed to single assignment form; (c)
edge-split SSA form.

To solve this problem we introduce anotationa fiction, caled a -function. Figure 19.2b shows that we can combine



al (defined in block 1) and a2 (defined in block 3) using the function a3 (al, a2). But unlike ordinary mathematica
functions, (al, a2) yiddsal if control reaches block 4 dong theedge 2 4, and yields a2 if control comesin on edge
3 4.

How doesthe -function know which edge was taken? That question hastwo answers.

If we must execute the program, or trandate it to executable form, we can "implement” the -functionusinga
MOVE ingtruction on each incoming edge, as shown in Section 19.6.

In many cases, we Smply need the connection of usesto definitions, and don't need to "execute" the
-functions during optimization. In these cases, we can ignore the question of which value to produce.

Consider Figure 19.3a, which contains aloop. We can convert this to static Single-assignment form as shownin
Figure 19.3b. Note that variables a and ¢ each need a -function to merge their valuesthat arrive on edges 1 2and 2
2. The -function for b1 can later be deleted by dead-code elimination, since bl isadead variable. Thevariable cis
live on entry (after converson to SSA, theimplicit definition cO islive); thismight be an uninitidized variable, or
perhaps cisaforma parameter of the function whose body thisis.

rEam ¢ reiume

Figure 19.3: (8) A program with aloop; (b) the program transformed to edgesplit sngle-assgnment form. a0, b0, cO
areinitia values of the variables before block 1.

Theassgnment c1 c2 + b2 will be executed many times;, thusthe variable c1 isupdated many times. Thisillustrates
that we do not have a program with dynamic single-assgnment (like apure functiond program), but aprogramin
which each variable has only one static Ste of definition.
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19.1 CONVERTING TO SSA FORM

The agorithm for converting a program to SSA form first adds -functionsfor the variables, then renames dl the
definitions and uses of variables using subscripts. The sequence of sepsisillustrated in Figure 19.4.
| " MEm
i 1 1

] mk 1 1
b0 J=1
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Figure 19.4: Conversion of aprogram to gatic single-assgnment form. Node 7 is a postbody node, inserted to make
sure thereis only one loop edge (see Exercise 18.6); such nodes are not strictly necessary but are sometimes helpful.

CRITERIA FOR INSERTING -FUNCTIONS

We could add a -function for every variable a each join point (that is, each node in the control-flow graph with
more than one predecessor). But thisis wasteful and unnecessary. For example, block 4 in Figure 19.2b isreached
by the same definition of b along each incoming edge, so it does not need a -function for b. Thefollowing criterion
characterizes the nodes where a variabl€'s dataflow paths merge:

Path-convergence criterion There should bea -function for variable a at node z of the flow graph exactly when all
of thefollowing aretrue:

1.

Thereisablock x containing adefinition of a,

Thereisablock y (withy x) containing adefinition of a,



Thereisanonempty path Pxz of edgesfrom x to z,

Thereisanonempty path Pyz of edgesfrom y to z,

Paths Pxz and Pyz do not have any node in common other than z, and

The node z does not gppear within both Pxz and Pyz prior to the end, though it may appear in one or the
other.

We consider the gart node to contain an implicit definition of every variable, either because the variable may be a
formal parameter or to represent the notion of a uninitialized without specia cases.

Note, however, that a -function itsaf counts as a definition of a, so the path-convergence criterion must be
consdered as a set of equations to be satisfied. Asusud, we can solve them by iteration.

Iterated path-convergencecriterion:

while there are nodes X, y, Z satisfying conditions 1-5
and z does not contain a -function for a
do insert a (a, a,..., a) at node Z

wherethe -function hasas many a arguments as there are predecessors of node z
Dominance property of SSA form An essentia property of atic single assgnment formisthat definitions
dominate uses, more specificaly,
1.
If x isthe ith argument of a -function in block n, then the definition of x dominatesthe ith predecessor of n.

If X isused in anon- slatement in block n, then the definition of x dominates node n.

Section 18.1 definesthe dominance rdation: d dominates n if every path from the start node to n goesthrough d.

THE DOMINANCE FRONTIER



Theiterated path-convergence agorithm for placing -functionsis not practica, snce it would be very costly to
examine every triple of nodes x, y, z and every path leading from x and y. A much more efficient dgorithm usesthe
dominator tree of the flow graph.

Definitions x strictly dominates w if x dominates w and x w. In this chapter we use successor and predecessor
to refer to graph edges, and parent and child to refer to tree edges. Node x isan ancestor of y if thereisapath x
y of tree edges, and isa proper ancestor if that path is nonempty.

The dominance frontier of anode X isthe set of al nodes w such that x dominates a predecessor of w, but does
not strictly dominate w.

Figure 19.5a illustrates the dominance frontier of anode; in essence, it isthe "border" between dominated and
undomi nated nodes.

Figure 19.5: Node 5 dominates al the nodesin the grey area. (a) Dominance frontier of node 5 includes the nodes
(4,5, 12, 13) that are targets of edges crossing from the region dominated by 5 (grey areaincluding node 5) to the
region not strictly dominated by 5 (white areaincluding node 5). (b) Any node in the dominance frontier of nisasoa
point of convergence of nonintersecting paths, one from n and one from the root node. (¢) Another example of
converging paths P1,5 and P5,5.

Dominancefrontier criterion Whenever node x contains adefinition of some varigble a, then any node zinthe
dominance frontier of x needsa -function for a.

Iterated dominancefrontier. Sincea -function itsdf isakind of definition, we mugt iterate the dominance-frontier
criterion until there are no nodes that need -functions.

Theorem The iterated dominance frontier criterion and the iterated pathconvergence criterion specify exactly
the same set of nodes at which to put -functions.

The end-of-chapter bibliographic notes refer to aproof of thistheorem. We will sketch one haf of the proof,
showing that if w isin the dominance frontier of adefinition, then it must be a point of convergence. Supposethereis
adefinition of variable a at some node n (such asnode 5 in Figure 19.5b), and node w (such asnode 12 in Fgure
19.5b) isin the dominance frontier of n. The root node implicitly contains adefinition of every variable, including a.
Thereisapath Prw from the root node (node 1 in Figure 19.5) to w that does not go through n or through any node
that n dominates, and thereisapath Pnw from n to w that goes only through dominated nodes. These paths have w
astheir first point of convergence.

Computing thedominancefrontier To insert dl the necessary -functions, for every node n in the flowgraph we
need DF[n], its dominance frontier. Given the dominator tree, we can efficiently compute the dominance frontiers of
al the nodes of the flowgraph in one pass. We define two auxiliary sets



DFlocd[n]: The successors of n that are not gtrictly dominated by n;
DFup[n]: Nodesin the dominancefrontier of n that are not strictly dominated by n'simmediate dominator.

The dominance frontier of n can be computed from DFloca and DFup:
DFn| = DFjpeqln] U U DE el
cechildven]n]

where children[n] are the nodes whose immediate dominator (idom)is n.

To compute DFlocd[ n] more easly (using immediate dominatorsinstead of dominators), we use the following
theorem: DFlocd[n] = the set of those successors of n whose immediate dominator isnot n.

The following computeDF function should be called on the root of the dominator tree (the start node of the
flowgraph). It walks the tree computing DF[n] for every node n: It computes DFlocd[ n] by examining the
successors of n, then combines DFlocd[ n] and (for each child ¢) DFup[c].

conput eDF[ n] =
S {}
for each node y in succ[n] This | oop computes DFlocal [ n]
if idom(y) n
S S {y}
for each child ¢ of n in the dom nator tree
conput eDF[ c]
for each elenment w of DF[C] This | oop conmput es DFupl[C]
if n does not domnate W, or if n=w
S s {w
DF[n] S

Thisdgorithm is quite efficient. It does work proportiond to the size (number of edges) of the origina graph, plusthe
sze of the dominance frontiersit computes. Although there are pathologica graphsin which most of the nodes have
very large dominance frontiers, in most casesthetotal size of dl the DFsis gpproximately linear inthe size of the
graph, so thisagorithm runsin "practicaly” linear time.

INSERTING -FUNCTIONS

Starting with a program not in SSA form, we need to insert just enough -functionsto satisfy the iterated dominance
frontier criterion. To avoid reexamining nodeswhere no -function has been inserted, we use awork-list algorithm.

Algorithm 19.6 startswith aset V of variables, agraph G of control-flow nodes - each nodeisabasic block of
statements - and for each node n aset Aorig[n] of variables defined in node n. The agorithm computes A [a], the set
of nodesthat must have -functionsfor variable a. Sometimes anode may contain both an ordinary definition and a
-function for the same variable; for example, in Figure 19.3b, a Aorig[2] and 2 A[a].

ALGORITHM 19.6: Inserting -functions.




Pl ace- -Functions =
for each node n
for each variable a in Aorig[n]
defsites[a] defsites[a] {n}
for each variable a
W defsites][a]
while Wnot enpty
renove sone node n from W
for each y in DF[n]
if a AJly]
insert the statenent a (a, a,..., a) at the top
of block y, where the -function has as many
argunents as y has predecessors
ALYl ALYl {a
if a Aorig[y]
W W {y}

The outer loop is performed once for each variable a. Thereisawork list W of nodes that might violate the
dominance-frontier criterion.

The representation for W must alow quick testing of membership and quick extraction of an eement. Work-list
agorithms (in generd) do not care which element of thelist they remove, so an array or linked list of nodes suffices.
To quickly test membership in W, we can use amark bit in the representation of every node n whichisset to true
when nisput into thelist, and false when nisremoved. If it isundesirable to modify the node representation, alist
plus ahash table will dso work efficiently.

This agorithm does a constant amount of work (a) for each node and edge in the control-flow graph, (b) for each
statement in the program, (c) for each element of every dominance frontier, and (d) for each inserted -function. For a
program of size N, the amounts a and b are proportiond to N, cisusudly approximately linear in N. The number of
inserted -functions (d)2 intheworst case, but empirical measurement has shown that it is usualy proportiond to N.
Soin practice, Algorithm 19.6 runsin gpproximately linear time.

RENAMING THE VARIABLES

After the -functions are placed, we can walk the dominator tree, renaming the different definitions (including
-functions) of variable ato al, a2, a3, and so on.

In agraight-line program, we would rename dl the definitions of a, and then each use of a isrenamed to usethe
most recent definition of a. For aprogram with control-flow branches and joins whose graph satisfiesthe
dominance-frontier criterion, we rename each use of a to use the closest definition d of a that is above ainthe
dominator tree.

Algorithm 19.7 renames dl uses and definitions of variables, after the -functions have been inserted by Algorithm
19.6. In traversing the dominator tree, the algorithm "remembers’ for each variable the most recently defined version
of each variable, on a separate stack for each variable.

ALGORITHM 19.7: Renaming variables.




Initialization:
for each variable a
Count [ a] 0
St ack] a] enpty
push 0 onto Stack][a]
Renane(n) =
for each statement S in block n
if Sis not a -function
for each use of sone variable X in S
i top( St ack[ x])
replace the use of X with xi in S
for each definition of sone variable a in S
Count [ a] Count[a] + 1
i Count [ a]
push i onto Stack[a]
replace definition of a with definition of ai in S
for each successor Y of block n,
Suppose n is the jth predecessor of Y
for each -functionin Y
suppose the jth operand of the -functionis a
i top( Stack[a])
replace the jth operand with ai
for each child X of n
Renane( X)
for each statement S in block n
for each definition of some variable ain S
pop Stack[a]

Although the agorithm follows the structure of the dominator tree - not the flowgraph - at each nodein thetreeit
examines dl outgoing flow edges, to seeifthereareany -functions whose operands need to be properly numbered.

This agorithm takestime proportiona to the size of the program (after -functions areinserted), soin practiceit
should be gpproximately linear in the Sze of the origind program.

EDGE SPLITTING

Some andyses and transformations are smpler if thereis never acontrol-flow edge that leads from anode with
multiple successors to a node with multiple predecessors. To give the graph this unique successor or predecessor
property, we perform the following transformation: For each control-flow edge a b such that a has more than one
successor and b has more than one predecessor, we create a new, empty control-flow node z, and replacethe a b
edgewithana zedgeandaz b edge.

An SSA graph with this property isin edge-split SSA form. Figure 19.2 illustrates edge splitting. Edge splitting may
be done before or after insertion of -functions.
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19.2 EFFICIENT COMPUTATION OF THE
DOMINATOR TREE

A mgjor reason for using SSA formisthat it makes the optimizing compiler faster. Instead of using cogtly iterative
bit-vector agorithmsto link usesto definitions (to compute reaching definitions, for example), the compiler can just
look up the (unique) definition, or thelist of uses, of each variable.

For SSA to help make acompiler faster, we must be able to compute the SSA form quickly. The agorithmsfor
computing SSA from the dominator tree are quite efficient. But the iterative set-based agorithm for computing
dominators, givenin Section 18.1, may be dow in theworst case. An industrial-strength compiler that uses
dominators should use amore efficient dgorithm for computing the dominator tree.

The near-linear-time algorithm of Lengauer and Tarjan relies on properties of the depth-first spanning tree of the
control-flow graph. Thisisjust the recurson treeimplicitly traversed by the depth-first search (DFS) dgorithm,
which numbers each node of the graph with a depth-first number (dfnum) asit isfirst encountered.

The dgorithm israther technicd ; those readers who fed content just knowing that the dominator tree can be
caculated quickly can skip to Section 19.3.

DEPTH-FIRST SPANNING TREES

We can use depth-first search to calculate a depth-first spanning tree of the control-flow graph. Figure 19.8 shows a
CFG and adepth-first gpanning tree, along with the dfnum of each node.
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Figure 19.8: A control-Fow graph and trees derived from it. The numeric labelsin part (b) are the dfnums of the
nodes.

A given CFG may have many different depth-first spanning trees. From now on we will assume that we have
arbitrarily picked one of them - by depth-first search. When we say "aisan ancestor of b" we mean that thereis
some path from a to b following only spanning-tree edges, or that a = b;"aisa proper ancestor of b" meanstha ais
an ancestor of band a b.

Properties of depth-first spanning trees The start node r of the CFG istheroot of the depth-first spanning tree.



If aisaproper ancestor of b, then dfnum(a) < dfnum(b).

Suppose thereis a CFG path from a to b but a isnot an ancestor of b. This meansthat some edge on the path is not
aspanning-tree edge, so b must have been reached in the depth-first search before a was (otherwise, after vigiting a
the search would continue aong tree edgesto b). Thus, dfnum(a) > dfnum(b).

Therefore, if we know that thereisapath from a to b, we can test whether aisan ancestor of b just by comparing
the dfnum'sof a and b.

When drawing depth-first spanning trees, we order the children of anode in the order that they are visited by the
depth-first search, so that nodesto the right have a higher dfnum. Thismeansthat if a isan ancestor of b, and there
isaCFG path from a to b that departs from the spanning tree, it must branch off to the right of the tree path, never to
theleft.

Dominator s and spanning-tree paths Consider anonroot node n in the CFG, and itsimmediate dominator d. The
node d must be an ancestor of n in the spanning tree - because any path (including the spanning-tree path) from r to n
must indude d. Therefore dfnum(d) < dfnum(n).

Now we know that n'simmediate dominator must be on the spanning-tree path between r and n; dl that'sleft isto
seehow highupitis.

If some ancestor x does not dominate n, then there must be a path that departs from the spanning-tree path above x
and rgoinsit below x. The nodes on the bypassing path are not ancestors of n, so their dfnum'sare higher than n's.
The path might rgjoin the spanning-tree path to n elther at n or above n.
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SEMIDOMINATORS

Paths that bypass ancestors of n are useful for proving that those ancestors do not dominate n. Let us consider, for
now, only those bypassing paths that regjoin the spanning tree a n (not above n). Let's find the path that departs from
thetree at the highest possible ancestor s, and rgjoinsthetree a n. Wewill cal sthe semidominator of n.

Another way of saying thisisthat sisthe node of smalest dfnum having apathto n whose nodes (not counting sand n
) are not ancestors of n. This description of semidominators does not explicitly say that s must be an ancestor of n,
but of course any nonancestor with a path to n would have ahigher dfnum than n's own parent in the spanning tree,
which itself hasapath to n with no nonancestor internal nodes (actualy, no internal nodes at al).



Very often, anode's semidominator isaso itsimmediate dominator. But asthe figure a right shows, to find the
dominator of n it's not enough just to consider bypassing pathsthat rgjoin thetree a n. Here, apath from r to n
bypasses n's semidominator s, but rejoinsthe tree at node y, above n. However, finding the semidominator sisdill a
useful step toward finding the dominator d.

-

|
d

|
S
|

L ]

|

il

Semidominator Theorem To find the semidominator of anode n, consider all predecessors v of ninthe CFG.

If v isaproper ancestor of nin the spanning tree (so dfnum(v) < dfnum(n)), then v isa candidate for semi(n

).

If v isanonancestor of n (so dfnum(v) > dfnum(n)), then for each u that isan ancestor of v (or u=v), let
semi (u) be acandidate for semi(n).

Of dl these candidates, the one with lowest dfnum isthe semidominator of n.

Proof Seethe Further Reading section.

Calculating dominator sfrom semidominator s Let s be the ssmidominator of n. If thereis a path that departs
from the spanning tree above s, bypasses s, and rejoins the spanning tree at some node between sand n, then s does
not dominate n.

However, if wefind the node y between sand n with the smalest-numbered semidominator, and semi (y) isaproper
ancestor of s, then y'simmediate dominator aso immediately dominates n.

Dominator Theorem. On the spanning-tree path below semi (n) and above or including n, let y be the node with the
smallest-numbered semidominator (minimum dfnum(semi (y))). Then,
semi(n) if semi(v) = semii(n)

idomin) = ¢ | ; , ,
idom(v) if semi(v) £ semi(n).

Proof Seethe Further Reading section.

THE LENGAUER-TARJAN ALGORITHM

Using these two theorems, Algorithm 19.9 uses depth-first search (DFS) to compute dfnum’sfor every node.



Then it viststhe nodesin order, from highest dfnum to lowest, computing semidominators and dominators. Asit
vidits each nodg, it puts the node into a spanning forest for the graph. It's called a forest because there may be
multi ple disconnected fragments; only at the very end will it be asingle spanning tree of al the CFG nodes.

ALGORITHM 19.9: Lengauer-Tarjan dgorithm for computing dominators.

node p, node n)=
if dinumn] =0
df nuny n] N, vertex[N] n; parent[n] p

N N+ 1
for each successor w of n
DFS(n, w)

Li nk(node p, node n)= add edge p n to spanning forest inplied by ancestor array
Ancest or Wt hLowest Senmi (node n)= in the forest, find the nonroot ancestor of n that
has the | owest-nunbered seni dom nat or
Dom nators() =
N 0; n. bucket[n] {}

n. df nunfnj 0, sem [n] ancestor [ n] i dony n] samedony n] none
DFS(none, T)
for i N - 1 downto 1 Skip over node 0, the root node.
n vertex[i]; p parent[n]; s p
for each predecessor v of n These |ines cal cu-
if dfnunfv] df nunn] late the sem dom
S Vv i nator of n, based
else s sem [ Ancest or Wt hLowest Semi (V)] on the Seni dom
if dfnunis ] < dfnunfs] i nator Theorem
S s
seni [ n] s Calculation of n's domnator is deferred
bucket [ s] bucket [ s] {n} until the path froms to n has been |inked
Li nk(p, n) into the forest.
for each v in bucket|[p] Now that the path fromp to v has been |inked
into
y Ancest or Wt hLowest Sem (V) the spanning forest, these lines calculate
the dom
if sem[y] = sem [V] i nator of v, based on the first clause of
t he Doni -
i dony v] p nator Theorem, or else defer the calcul ation
unti |
el se sanedony v] y y's dom nator is known.
bucket [ p] {}
for i 1toN-1
n vertex[i] Now al | the deferred dom nator cal cul a-
if sanedon{n] none tions, based on the second cl ause of the
i donf n] i donf samedony n] ] Domi nat or Theorem are performed.

Cdculating semidominators requiresthet, given someedge v n, welook at all ancestors of v in the spanning tree that
have ahigher dfnum than n. When Algorithm 19.9 processes node n, only nodes with ahigher dfnum than n will be
in theforest. Thus, the dgorithm can smply examineal ancestors of v that are aready in the forest.

We use the Dominator Theorem to compute the immediate dominator of n, by finding node y with the lowest
semidominator on the path from semi[n] to n. When s= semi[n] isbeing computed, it's not yet possible to determine
y; but we will be able to do so later, when sisbeing added to the spanning forest. Therefore with each
semidominator swe keep a bucket of al the nodesthat s semidominates, when sislinked into the spanning forest,



we can then calculate the idom of each nodein[9].

Theforest isrepresented by an ancestor array: For each node v, ancestor [v] pointsto v's parent. This makes
searching upward from v easy.

Algorithm 19.10a shows atoo-dow version of the AncestorWithL owestSemi and Link functions that manage the
gpanning forest. Link setsthe ancestor relation, and AncestorWithL owestSemi searches upward for the ancestor
whose semidominator hasthe smalest dfnum.

ALGORITHM 19.10: Two versions of AncestorWithLowestSemi and Link functions for operations on spanning
forest. The naive version (@) takes O(N) per operation (s0 the dgorithm runsin time O(N2)) and the efficient verson
b) takes O(log N) amortized time per operation, for an O(N log N) dgorithm.

St or Wt hLowest Seni (node v) =
u v
whil e ancestor[v] none
if dfnunfsem[v]] < dfnunisem [u]]
u v
% ancest or[ V]
return u

Li nk(node p, node n)=
ancest or [ n] p

(a) Naive version,
Q(N) per operation.

Ancest or Wt hLowest Sem (node v) =
a ancestor[v]
if ancestor[a] none
b Ancest or Wt hLowest Seni ( a)
ancest or [ V] ancestor[ a]
if dfnunisem[b]] <
df nuni sem [ best[v]]]
best[v] b
return best[v]

Li nk(node p, node n)=
ancestor[n] p; best[n] n
(b) Wth path-conpression,
A log N per operation.

But each cal to AncestorWithLowestSemi could take linear time (in N, the number of nodesin the graph) if the
gpanning treeis very deep; and AncestorWithL owestSemi is called once for each node and edge. Thus Algorithm
19.9+19.10a has quadratic worgt-case time compl exity.

Path compression Theagorithm may cal AncestorWithLowestSemi(v) severd timesfor the same node v. Thefirst
time, AncestorWithL owestSemi traverses the nodes from v to al, some ancestor of v, asshownin Figure 19.11a.
Then perhagpssomenew links a3 a2 al are added to the forest above al, so the second AncestorWithL owestSemi(
V) searches up to a3. But wewould like to avoid the duplicate traversa of the path from v to al. Furthermore,
suppose we later call AncestorWithL owestSemi(w) on some child of v. During that search we would like to be able
toskipfrom v to al.



Figure 19.11: Path compression. (8) Ancestor linksin a spanning tree; AncestorWithLowestSemi(v) traversesthree
links. (b) New nodes a2, a3 are linked into the tree. Now AncestorWithL owestSemi(w) would traverse 6 links. (c)
AncestorWithL owestSemi(v) with path compression redirects ancestor links, but best[v] remembers the best
intervening node on the compressed path between v and al. (d) Now, after a2 and a3 are linked,

AncegtorWithL owestSemi(w) traverses only 4 links.

Thetechnique of path compression makes AncestorWithL owestSemi faster. For each node v in the spanning forest,

wedlow ancestor[v] to point to some ancestor of v that may be far above v's parent. But we must remember - in
best[v] - the best node in the skipped-over path between ancestor [v] and v.

ancestor [v] = Any node above v in the spanning forest.

best[v] = The node whose semidominator has the lowest dfnum, in the skipped over path from ancestor [v] down to
Vv (induding v but not ancestor [Vv]).

Now, when AncestorWithL owestSemi searches upwards, it can compress paths by setting ancestor[v] ancestor |
ancestor [v]], aslong asit updates best[v] at the sametime. Thisisshownin Algorithm 19.10b.

Inagraph of K nodesand E edges, therewill be K 1 calstoLink and E + K 1 cdlsto AncestorWithL owestSemi.
With path compression it can be shown that thistakes O(E log K) time. Intermsof the"size' N = E + K of the
control-flow graph, Algorithm 19.9+19.10b takes O(N log N) time.

Balanced path compression The most sophigticated version of the Lengauer Tarjan dgorithmis Algorithm 19.9
with Link and AncestorWithLowestSemi functions that rebaance the spanning trees, so that the work of path
compression is undertaken only when it will do the most good. Thisagorithm hastime complexity O(N - (N)), where
(N) isthe dowly growing inverse Ackermann function that isfor al practical purposes congtant. In practice it gppears
that this sophisticated algorithm is about 35% faster than the N log N agorithm (when measured on graphs of up to
1000 nodes). See aso the Further Reading section of this chapter.

. 4 Previous | Mext ¢
Team-Fly “§



Team-Fly

4 Previous | Mesxt #

19.3 OPTIMIZATION ALGORITHMSUSING
SSA

Sincewe are primarily interested in SSA form because it provides quick accessto important dataflow information,
we should pay some attention to datastructure representations of the SSA graph.

The objects of interest are statements, basic blocks, and variables:

Statement Fieldsof interest are containing block, previous statement in block, next statement in block,
variables defined, variables used. Each statement may be an ordinary assignment, -function, fetch, store, or
branch.

Variable Has a definition site (statement) and alist of use sites.

Block Hasalist of statements, an ordered list of predecessors, a successor (for blocks ending with a
conditional branch, more than one successor). The order of predecessorsisimportant for determining the meaning
(v1, v2, v3) indde the block.

DEAD-CODE ELIMINATION

The SSA data structure makes dead-code andysis particularly quick and easy. A varigbleislive at its site of
definitionif and only if itslist of usesisnot empty. Thisistrue because there can be no other definition of the same
variable (it's sngle-assgnment form!) and the definition of avariable dominates every use - o there must be apath
from definitionto use[1]

Thisleadsto thefollowing iterative dgorithm for deleting dead code:

while there is sone variable Vv with no uses
and the statenent that defines v has no other side effects
do delete the statenent that defines v

Indeletingastatement v X y or the statement v (X, y), we take care to remove the statement from the list of uses of
x and of y. Thismay cause x or y to become dead, if it wasthe last use. To keep track of this efficiently, Algorithm
19.12 usesawork list W of variables that need to be reconsidered. This takes time proportional to the size of the
program plus the number of variables deleted (which itsalf cannot be larger than the size of the program) - or linear
time overdl. The only question ishow long it takesto delete Sfrom a (potentidly long) list of usesof xi . By keeping
xi 'slist of usesasadoubly linked list, and having each use of xi point back to its own entry in thislist, the deletion
can be donein congtant time.

ALGORITHM 19.12: Dead-code dimination in SSA form.




W alist of all variables in the SSA program
while Wis not enpty
renmove sonme variable v fromW
if vis list of uses is enpty
let S be V's statenent of definition
if S has no side effects other than the assignnent to v
delete S fromthe program
for each variable xi used by S
delete S fromthe list of uses of xi
W W {xi}

If run on the program of Figure 19.3b, thisagorithm would delete the statement b1 (b0, b2).

A more aggress ve dead-code-elimation agorithm, which uses adifferent definition of dead, is shown on page 426.

SIMPLE CONSTANT PROPAGATION

Whenever thereis astatement of theform v ¢ for some congtant ¢, then any use of v can be replaced by ause of c.

Any -function of theformv (c1, c2,, cn), whereadl the c are equd, can bereplaced by v c.

Each of these conditionsis easy to detect and implement using the SSA data structure, and we can useasmple
work-list dgorithm to propagate constants:

W alist of all statenents in the SSA program
while Wis not enpty
remove some statement S from W
if Sis v (c, ¢, ..., c) for sone constant C
replace S by v c
if Sis v c for some constant cC
delete S fromthe program
for each statement T that uses V
substitute ¢ for vin T
w W {T}

If we run this agorithm on the SSA program of Figure 19.4g, thentheassgnment j3 i1 will bereplaced with j3 1,
andtheassgnment i1 1 will be deleted. Uses of variables j1 and k1 will aso be replaced by constants.

Thefollowing transformations can al be incorporated into thiswork-list algorithm, so thet in linear time dl these
optimizations can be done at once:

Copy propagation A sngle-argument -function X () or acopy assgnment X y can be deleted, and y substituted
for every use of x.



Congtant folding If we have astatement x a b, where a and b are constant, we can evaluate ¢ a b a compiletime
and replace the statement with x c.

Congtant conditions In block L, aconditiona branch if a< b goto L1 else L2, where a and b are constant, can
be replaced by either goto L1 or goto L2, depending on the (compile-time) vaue of a < b. The control-flow edge
from L to L2 (or L1, respectively) must be deleted; this reduces the number of predecessorsof L2 (or L1), and the
-functionsin that block must be adjusted accordingly (by removing an argument).

Unreachable code Deeting a predecessor may cause block L2 to become unreachable. In this case, al the
datementsin L2 can be deleted; uselists of dl the variablesthat are used in these statements must be adjusted
accordingly. Then the block itself should be deleted, reducing the number of predecessors of its successor blocks.

CONDITIONAL CONSTANT PROPAGATION

Inthe program of Figure 19.4b, isj dwaysequal to 1?

If j =1 aways, then block 6 will never execute, so the only assgmentto j isj i, soj = 1aways.

If sometimes | > 20, then block 6 will eventudly execute, which assignsj k, sothat eventualy j > 20.

Each of these statementsis salf-congstent; but which istruein practice? In fact, when this program executes, j is
never set to any value other than 1. Thisisakind of least fixed point (analogousto what is described in Section 10.1
on page 209).

The"smple" constant-propagation agorithm has the problem of assuming the block 6 might be executed, and
therefore that | might not be congtant, and therefore that perhapsj 20, and therefore that block 6 might be executed.
Simple congtant propagation finds afixed point that is not the least fixed point.

Why would programmers put never-executed statementsin their programs? Many programs have statements of the
form if debug then where debug isaconstant false vaue; we would not like to let the statements in the debug
clauses get in theway of useful optimizations.

The SSA conditional constant propagation findsthe least fixed point: It does not assume a block can be
executed until thereis evidence that it can be, and it does not assume a variable is nonconstant until thereis
evidence, and so on.

Thedgorithm tracks the run-time vaue of each variable asfollows:

V[v]= We have seen no evidence that any assignment to v is ever executed.



V[v]=4 We have seen evidence that an assgnment v 4 is executed, but no evidence that v isever assgned any
other value.

V[v]= We have seen evidence that v will have, a varioustimes, at least two different values, or some vaue (perhaps
read from an input file or from memory) that is not predictable a compiletime.

Thuswe have alatice of vaues, with meaning never defined, 4 meaning defined as 4, and meaning overdefined:

AN
-

New information can only move avarigble up inthelattice[ 2]

We dso track the executability of each block, asfollows:
[B]= false We have seen no evidence that block B can ever be executed.
[B]= true We have seen evidence that block B can be executed.

Initialy we start with V[]= for dl variables, and []= false for al blocks. Then we observe the following:
1.

Any varigble v with no definition, which istherefore an input to the program, aforma parameter to the
procedure, or (horrordl) an uninitialized variable, must have V[v] .

The start block Bl isexecuteble: [B1] true.

For any executable block B with only one successor C, set [C] true.

For any executable assignment v X 'y, where V[x]= cl and V[y]= c2, set V[v] cl c2.
For any executableassgnment v x 'y, where V[x]=or V[y]=, set V[v] .

For any executableassgnment v (x1, , xn), where V[xi]= c1, V[xj]= c2, c1 c2, the ith predecessor is
executable, and the jth predecessor is executable, set V[v] .



For any executable assgnment v MEM() or v CALL(), set V[V] .
For any executableassgnment v (X1, , xn), where V[xi]= and the ith predecessor is executable, set V[v] .

For any assgnment v (X1, , xn) whose ith predecessor is executable and V[xi]= c1; and for every j ether
the jth predecessor is not executable, or V[xj]=, or V[xj]= c1, set V[v] cl.

10.
For any executable branch if x <y goto L1 else L2, where V[x]=or V[y]=, set [L1] trueand [L2] true.
11.

For any executable branch if x <y goto L1 else L2, where V[x]= cland V[y]=c2, set [L1] trueor [L2]
true depending on ¢l < c2.

An executabl e assignment isan assgnment statement in ablock B with [B]= true. These conditions"ignore’ any
expression or statement in an unexecutable block, and the -functions "ignore” any operand that comesfrom an
unexecutable predecessor.

The dgorithm can be made quite efficient using work lists: There will be onework list WA for variablesand and
another work list Wb for blocks. The agorithm proceeds by picking x from Wv and considering conditions 4-9 for
any satement in x'slist of uses; or by picking ablock B from Wb and considering condition 3, and conditions 4-9 for
any satement within B. Whenever ablock is newly marked executable, it and its executable successors are added
to We. Whenever V[x] is"raised" from to c or from cto , then x is added to VW. When both VW and Wb are
empty, the dgorithm isfinished. The agorithm runs quickly, becausefor any x it raises V[x] at most twice, and for
any Bit changes [B] at most once.

We use thisinformation to optimize the program asfollows. After the analysisterminates, wherever [B]= false,
delete block B. Wherever V[X]= c, subdtitute ¢ for x and delete the assignment to x.

Figure 19.13 shows the conditiona constant propagation agorithm executed on the program of Figure 19.4. The
dgorithm findsthat dl the j variables are constant (with value 1), k1 is constant (with value 0), and block 6 is not

executed. Deleting unreachable blocks, and replacing uses of constant variables with the congtant value - deleting
their definitions - leads to some empty blocks and a -function that has only one argument; these can be smplified,
leaving the program of Figure 19.13d.
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Figure 19.13: Conditional constant propagation.

The unique successor or predecessor property isimportant for the proper operation of this agorithm. Suppose we
were to do conditional constant propagation on the graph of Figure 19.2b, in acase where M[x] isknown to be 1.
Thenblocks 1, 2, 3, and 4 will be marked executable, but it will not be clear that edge 2 4 cannot be taken. In Figure
19.2c, block 5 would not be executable, making the Situation clear. By using the edge-split SSA form, we avoid the
need to mark edges (not just blocks) executable.

PRESERVING THE DOMINANCE PROPERTY

Almost every reasonable optimizing transformation - including the ones described above - preserves the dominance
property of the SSA program: The definition of avariable dominates each use (or, when the useisina -function, the
predecessor of the use).

It isimportant to preserve this property, since some optimization agorithms (such as Algorithm 19.17) depend onit.
Also, the very definition of SSA form - that thereisa -function at the convergence point of any two dataflow paths -
implicitly requiresit.

ALGORITHM 19.17: Caculation of liverangesin SSA form, and building the inter-ference graph. The
graph-walking algorithm is expressed as amutua recursion between LiveOutAtBlock, LivelnAtSatement, and
LiveOutAtStatement. The recursion is bounded whenever LiveOutAtBlock finds an aready walked block, or
whenever LiveOutAtStatement reachesthe definition of v.

ll venessAnal ysis() = Li vel nAt St atenent (s, V)=

for each variable v vis live-in at s
M {} if sis the first statement of some block n
for each site-of-use s of Vv vis live-in at n
if sisa -function with for each predecessor p of n
V as its ith argunent Li veCQut At Bl ock( p; V)
let p be the ith predecessor of el se
the bl ock containing s let s be the statenent
preceding s
Li veCQut At Bl ock( p, V) Li veQut At St atement (s , V)
el se Livel nAt Statenent(s, V) Li veQut At St atenent (s, V)=
Li veQut At Bl ock( n;v)= vis live-out at s
vis live-out at n et Whe the set of variables that s
defi nes
if n M for each variable w (W-{v}
M M {n} add (v, W) to interference graph
let s be the last statenent in n if v W
Li veQut At St at enent (s, V) Li vel nAt St at enent (S; V)

But thereis one kind of optimization that does not preserve the dominance property. In the program of Figure 19.14a,
we can prove that - because the condition z < 0 evaluates the same way in blocks 1 and 4 - the use of x2in block 5
aways getsthe value x1, never x0. Thusit istempting to substitute x1 for x2 in block 5. But the resulting graph does
not have the dominance property: Block 5 is not dominated by the definition of x1 in block 2.
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Figure 19.14: Thistransformation does not preserve the dominance property of SSA form, and should be avoided.

Therefore thiskind of transformation - based on the knowledge that two conditiona branches test the same condition
- isnot vaid for SSA form.

19.4 ARRAYS, POINTERS, AND MEMORY

For many purposes in optimization, paraldization, and scheduling, the compiler needs to know, "how does statement
B depend on statement A?" The transformations of constant propagation and dead-code removal haverelied on this
dependence information.

There are severd kinds of dependence relations:

Read-after-write A definesvariable v, then Buses v.

Write-after-write A defines v, then B defines v.

Write-after-read A uses v, then B defines v.

Control A controlswhether B executes.

Read-after-write dependences are evident in the SSA graph: A definesv, v'slist of uses pointsto B;or B's use ligt
containsv, and v's def-giteis A.

Control dependenceswill be discussed in Section 19.5.



In SSA form, there are no write-after-write or write-after-read dependences. Statements A and B can never writeto
the same variable, and any use must be "after” (that is, dominated by) the variabl€'s definition.

MEMORY DEPENDENCE

Thediscussion thusfar of assgmentsand -function has been only for scalar nonescaping variables. Real programs
must aso load and store memory words.

Oneway to get asingle-assgnment property for memory isto ensure that each memory word iswritten only once.
Although this seems severe, it isjust what a pure functional programming language does (see Chapter 15) - with a
garbage collector behind the scenesto alow actud reuse of physical memory locations.

However, in an imperative language we must do something else. Consider a sequence of stores and fetches such as
thisone:

1 Mi] 4
2 X Mil
3 MKkl ]

We cannot treat each individual memory location as a separate variable for static-single-assigment purposes, because
we don't know whether i, j, and k are the same address.

We could perhaps trest memory asa"variable’, where the store ingtruction creates anew vaue (of the entire
memory):

1 M store(M, i, 4)
2 X load( M, j)
3 M store(M, k, j)

wemake -functionsfor them at join pointsin the same way.

But thereisno edge from 2 3, so what prevents the compiler from reordering the statements as follows?

1 M store(M, i, 4)
3 M store(M, kj)
4 x load(M, j)

The functiona dependences are till correct - if M1 isviewed as asnapshot of memory after statement 1, then
satement 4 istill correct inloading from address j in that sngpshot. But it isinefficient - to say the least! - for the
computer to keep more than one copy of the machine's memory.

Wewould liketo say that thereisa write-after-read dependence 2 3 to prevent the compiler from creating M2
before all uses of M1 have been computed. But cal culation of accurate dependence information for memory locations
Is beyond the scope of this chapter.



A naive but practical solution In the absence of write-after-read and writeafter-write dependence information, we
will just say that astore ingtruction is aways presumed live - we will not do dead-code eimination on stores - and we
will not transform the program in such away asto interchange aload and astore, or two stores. Store instructions
can be unreachable, however, and unreachable stores can be deleted.

The optimization agorithms presented in this chapter do not reorder instructions, and they do not attempt to
propagate datafl ow information through memory, so they implicitly use this naive modd of loads and stores.

[1]Asusud, we are congdering only connected graphs.

[2]Authorsin the subfield of dataflow analysis use ? to mean overdefined and > to mean never defined; authorsin
semantics and abstract interpretation use ? for undefined and > for overdefined; we are following the latter practice.
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19.5 THE CONTROL-DEPENDENCE GRAPH

Can node x directly control whether node y is executed? The answer to this question can help uswith program
transformations and optimizations.

Any flowgraph must have an exit node. If a control-flow graph represents asingle function, then thisisthe return
statement of the function; if there are saverd return statements, we assume that each one of themisredly a
control-flow edge to some unique canonical exit node of the CFG.

We say that anode y is control-dependent on x if from x we can branch to u or v; from u thereisapath to exit that
avoidsy, and from v every path to exit hitsy:

—

4\
$ ﬁj
/7

exit

The control-dependence graph (CDG) has an edge from x to y whenever y is control-dependent on x.

We say that y postdominates v when y ison every path from v to exit - that is, y dominates v inthe reverse
control-flow graph.

Congtruction of the control-dependence graph To construct the CDG of a control-flow graph G,

1.

Add anew entry-node r to G, withanedger sto the start node sof G (indicating that the surrounding
program might enter G) and an edge r exit to the exit node of G (indicating that the surrounding program
might not execute G at dl).

Let G bethe reverse control-flow graph that hasan edge y x whenever G hasan edge x y;the start node
of G correspondsto the exit node of G.

Consgtruct the dominator tree of G (its root corresponds to the exit node of G).

Cdculate the dominance frontiers DFG of the nodesof G .



The CDG hasedge x y whenever x DFG [y].

That is, x directly controls whether y executes, if and only if x isin the dominance frontier of y in thereverse
control-flow graph.

Figure_ 19.15 showsthe CDG for the program of Figure 19.4.
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Figure 19.15: Congtruction of the control-dependence graph.

With the SSA graph and the control-dependence graph, we can now answer questions of the form, "must A be
executed before B?' If thereisany path A B composed of SSA use-def edges and CDG edges, then thereis atrail
of data- and control-dependence requiring A to be performed before B.

AGGRESSIVE DEAD-CODE ELIMINATION

Oneinteresting use of the control-dependence graph isin dead-code dimination. Suppose we have asituation such
astheonein Figure 19.13d, where conventiona dead-code analysis (as described in Section 17.3 or Algorithm
19.12) determines.

k2 islive becauseit's used in the definition of k3,

k3islive becauseit'sused in the definition of k2,

but neither variable contributes anything toward the eventua result of the calculation.

Just as conditional constant propagation assumes a block is unreachable unlessthere is evidence that execution can
reach it, aggressive dead-code elimination assumes a statement is dead unlessit has evidence that it contributesto
the eventual result of the program.

Algorithm Mark live any statement that:

1.



Performsinput/output, stores into memory, returns from the function, or cals another function that might have
Sdeéffects,

Defines somevariable v that isused by another live statement; or

Isaconditiona branch, upon which some other live statement is control dependent.
Then ddlete dl unmarked statements.

This can be solved by iteration (or by awork-list agorithm). Figure 19.16 showsthe amusing result of running this
agorithm on the program of Figure 19.13d: The entireloop is deleted, leaving avery efficient program!
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Figure 19.16: Aggressive dead-code eimination

Caveat. The aggressive dead-code eimination agorithm will remove output-free infinite loops, which does change
the meaning of the program. Instead of producing nothing, the program will execute the statements after the loop,
which may produce output. In many environmentsthisis regarded as unacceptable.

But on the other hand, the control-dependence graph is often used in pardldizing compilers: Any two statements that
are not control-dependent or data-dependent can be executed in paralldl. Even if such acompiler did not deletea
usdessinfiniteloop, it might choose to execute the loop in pardld with successor statements (that are not
control-dependent on it); thiswould have gpproximatdly the same effect as deeting the infinite loop.
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19.6 CONVERTING BACK FROM SSA FORM

After program transformations and optimization, aprogram in static Sngle assgnment form must be trandated into
some executabl e representation with out -functions. Thedefinitiony (X1, X2, x3) can betrandated as"movey x1
iIf arriving dong predecessor edge 1, move y x2if arriving aong predecessor edge 2, and move 'y x3if arriving
along predecessor edge 3." To "implement” this definition in an edge-split SSA form, for each i weinsert themovey
xi at the end of the ith predecessor of the block containing the -function.

The unique successor or predecessor property prevents redundant moves from being inserted; in Figure 19.2b
(without the property), block 2 would need amove a3 al that isredundant if the then branch istaken; but in Figure
19.2c, themove a3 al would bein block 5, and never executed redundantly.

Now we can do register dlocation on this program, as described in Chapter 11. Althoughit istempting Smply to
as3gn x1 and x2 the same register if they were derived from the same variable x inthe origina program, it could be
that program transformations on the SSA form have made their live rangesinterfere (see Exercise 19.11). Thus, we
ignorethe original derivation of the different SSA variables, and we rely on coalescing (copy propageation) in the
register alocator to diminate dmost dl of the moveingructions.

LIVENESSANALYS SFOR SSA

We can efficiently construct the interference graph of an SSA program, just prior to converting the -functionsto
move ingructions. For each variable v, Algorithm 19.17 walks backward from each use, stopping when it reaches v's
definition.

The dominance property of SSA form ensuresthat the algorithm will dways stay in the region dominated by the
definition of v. For many varigblesthisregion issmall; contrast thiswith the Situation in Figure 19.14 (anon-SSA
program), where the agorithm gpplied to variable x1 would walk upwards through the 1 3 edge and traverse the
entire program. Because this a gorithm processes only the blocks where v islive, itsrunning timeis proportiond to
the sze of theinterference graph that it constructs (see Exercise 19.12).

Algorithm 19.17 as shown uses recursion (when Livel nAtStatement cdls LiveOutAtBlock), and also tail recursion
(when LivelnAtStatement calls Live-OutAtStatement, when LiveOutAtStatement calls Livel nAtStatement,
andwhen LiveOutAtBlock cdls LiveOutAtStatement). Some programming languages or compilers can compiletall
recurson very efficiently asa goto - see Section 15.6. But when implementing this agorithm in compilersthat do not
support efficient tail cals, then instead of tail recursion it might be best to use explicit goto's, or use work listsfor
LiveOutAtStatement and Livel nAt-Statement.

. 4 Previous | Mext ¢
Team-Fly " §



Team-Fly

4 Previous | Mesxt #

19.7 A FUNCTIONAL INTERMEDIATE FORM

A functional programming languageisonein which (asdiscussed in Chapter 15) execution proceeds by binding
variablesto vaues, and never modifying avarigble onceit isinitidized. This permits equationd reasoning, whichis
useful to the programmer.

But equationd reasoning iseven more useful to the compiler - many compiler optimizationsinvolve the rewriting of a
dow program into an equivaent faster program. When the compiler doesn't have to worry about x'svaue now
veraus x'svdue later, then these transformations are easier to express.

Thissingle-assgnment property isat the heart of both functiona programming and SSA form. Thereisaclose
relationship between the functiona intermediate representations used by functiona -language compilers and the SSA
form used by imperative-language compilers.

Figure 19.18 shows the abstract syntax of the kind of intermediate representation used in modern functiona-language
compilers. It aspiresto the best qudities of quadruples, SSA form, and lambda-cal culus. Asin quadruple notation,
expressions are broken down into primitive operations whose order of evauation is specified, every intermediate
result isan explicitly named temporary, and every argument of an operator or functionisan atom (variable or
congtant). Asin SSA form and lambda-calculus, every variable has asingle assgnment (or binding), and every use
of the variableiswithin the scope of the binding. Asin lambda-ca culus, scope isasmple syntactic notion, not
requiring cal culation of dominetors.

- c Const ant i nt eger
atom S Constant string pointer

atom % Vari abl e
exp let fundefs in exp Function decl aration
exp let v = atomin exp Copy
exp let v = binop(atom atom) in exp Arithnetic operator
exp let v = Matom in exp Fetch from nmenory
exp M atoni : =atom exp Store to menory
exp if atomrelop atom then exp el se exp
Condi tional branch
exp at om( ar gs)
Tail call

exp let v = atom(args) in exp Non-tail call
exp return atom

Return
args
args at om ar gs
fundefs
fundefs  fundefs function v(formals) = exp
formal s

formals v formals

bi nop plus | mnus | mul |
relop eq | ne | It |



. 19.18: Functiona intermediate representation. Binding occurrences of variables are underlined.

Scope No variable name can be used in more than one binding. Every binding of avariable has a scope within which
all the uses of that variable must occur. For avariable bound by let v = in exp, the scope of v isjust the

exp. The scope of a function variable fi bound in

let function f1(...) = expl

function fk(...) = expk
in exp

includes all the expj (to dlow for mutualy recursive functions) aswell asthe exp. For avariable bound asthe formal
parameter of afunction, the scopeisthe body of that function.

These scope rules make many optimizations easy to reason about; we will take inline expansion of functions asan
example. Asdiscussed in Section 15.4, when we have adefinition f(x) = E and ause f(2) we can replace the use by
acopy of E but with al the x'sreplaced by Zs. Inthe Tree language of Chapter 7 thisisdifficult to express because
there are no functions; in the functiona notation of Chapter 15 the substitution can get complicated if zisanonatomic
expresson (as shown in Algorithm 15.8b). But in the functiond intermediate form of Figure 19.18, wheredl actud
parameters are atomic, inline expansion becomes very smple, as shown in Algorithm 15.8a.

Trandating SSA into functional form Any SSA program can be trandated into thisfunctiona form, asshownin
Algorithm 19.20. Each control-flow node with more than one predecessor becomes a function. The arguments of
that function are precisaly the variables for which there are -functions at the node. If node f dominates node g, then
the function for g will be nested ingde the body of the function for f . Instead of jumping to anode, a control-flow
edgeinto a -containing nodeis represented by afunction cal. Program 19.19 shows how atrandated program
looks.

PROGRAM 19.19: SSA program of Figure 19.4g converted to functiond intermediate form.

letiy = 1 in

sl let fi = 1in
e let &) = (in
ky & 0 let function 0 7x, k20
iy T ) if ks = 1) then
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Lo I E .
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RITHM 19.20: Trandating SSA to functiona intermediate form.

| at e( node) =
et C be the children of node in the dom nator tree
let p1,..., pn be the nodes of C that have nore than one predecessor



for i 1ton

let al,..., ak be the targets of functions in pi (possibly k = 0)
let Si = Translate(pi)
let Fi = "function f pi (a1,..., ak) = S "

let F=F1LF2 ... Fn

return Statenents(node, 1, F)

St at ement s(node, j, F)=
if there are < j statenents in node
then let s be the successor of node
if s has only one predecessor
then return Statenents(s, 1, F)
el se s has m predecessors
suppose node is the ith predecessor of s

suppose the -functions in s are al (al11,..., aim,
ak (ak1,..., akm)
return "let Fin fs(ali,..., aki )"
else if the jth statenent of node is a -function
then return Statenents(node, j + 1, F)

else if the jth statement of node is "return a"
then return "let Fin return a"

else if the jth statenent of node js a b c The cases for a b,
then let S = Statenents(node, j + 1, F) a Mb], and M a] b
return "let a=>0 cin S are simlar.

else if the jth statenent of node is "if a < b goto s1 else s2"
then (in edge-split SSA form) s1 has only one predecessor, as does S2
let S1 = Translate(sl)
let S2 = Transl ate(s2)
return "let Finif a < b then S1 else S2"

Trandating functional programsinto functional intermediate form A functiona program in alanguage such as
PureFun-MiniJava startsin aform that obeys al the scope rules, but arguments are not atomic and variables are not
unique. It isasmple matter to introduce well-scoped intermediate temporaries by arecursive wak of expresson
trees, dominator and SSA cal culations are unnecessary.

All of the SSA-based optimization agorithmswork equaly well on afunctiona intermediate form; so will the
optimizations and transformations on functional programs described in Chapter 15. Functiona intermediate forms can
aso be made explicitly typed, type-checkable, and polymorphic as described in Chapter 16. All indl, thiskind of
intermediate representation has much to recommend it.
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FURTHER READING

TheIBM Fortran H compiler used dominatorsto identify loopsin controlflow graphs of basic blocks of machine
ingtructions [Lowry and Medlock 1969]. Lengauer and Tarjan [1979] developed the near-linear-time agorithm for
finding dominatorsin adirected graph, and proved the related theorems mentioned in this chapter. It iscommon to
use this algorithm while mentioning the existence [Harel 1985] of amore complicated linear-time agorithm. Finding
the"best" node above a given spanning-forest node is an example of a union-find problem; analyses of balanced
path-compression algorithms for union-find (such asthe "sophisticated” version of the Lengauer-Tarjan agorithm)
can be found in many agorithms textbooks (e.g., Sections 22.3-22.4 of Cormen et a. [1990]).

Static single-assgnment form was developed by Wegman, Zadeck, Alpern, and Rosen [Alpern et a. 1988; Rosen et
a. 1988] for efficient computation of dataflow problems such as globa vaue numbering, congruence of variables,
aggressive dead-code removal, and constant propagation with conditional branches [Wegman and Zadeck 1991].
Control-dependence was formalized by Ferrante et d. [1987] for usein an optimizing compiler for vector paralel
machines. Cytron et a. [1991] describe the efficient computation of SSA and control-dependence graphs using
dominance frontiers and prove severd of the theorems mentioned in this chapter.

Wolfe[1996] describes severd optimization agorithms on SSA (which he calls factored use-def chains), induding
induction-variable andysis.

It isuseful to perform severd transformations on the flowgraph before conversion to SSA form. Theseincludethe
conversion of while-loops to repeat-loops (Section 18.2); and the insertion of loop preheader nodes (see page
382), postbody nodes [Wolfe 1996] (Exercise 18.6), and landing pads for loop-exit edges [Rosen et al. 1988]
(edge-splitting effectively accomplishes the insertion of landing pads). Such transformations provide locationsinto
which statements (such as loop-invariant computations or common subexpressions) may be placed.

Varieties of functional intermediate r epr esentations Functiona intermediate formsare dl based on
lambda-calculus, more or less, but they differ in three important respects:
1.

Someare strict and some are lazy (see Chapter 15).

Some have arbitrary nesting of subexpressions, some have atomic arguments; and some have atomic
arguments + meaning that al arguments except anonymous functions are atomic.

Some permit nontail calls (direct style) and some support only tail calls (continuation-passing style).

Didtinction (1) ceasesto matter in continuation-passing style.



The design space of these options has been well explored, asthistable shows:

Direct style
Strict Lazy Continuation passng
Arbitrarily nested sub Carddli [1984], Cousineau Augustsson [1984]
expressons et al. [1985]
Atomic arguments + Flanagan et d. [1993] Stedde [1978], Kranz et dl.
[1986]
Atomic arguments Tarditi [1997] Peyton Jones [1992] Appe [1992]

The functional intermediate form shownin Figure 19.18 fitsin the lower left-hand corner, dong with Tarditi
[1997]. Kelsey [1995] shows how to convert between SSA and continuation-passing style.
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EXERCISES

19.1 Write an dgorithm, using depth-first search, to number the nodes of atreein depth-first order and to
annotate each node with the number of its highest-numbered descendent. Show how these annotations can
beused once your preprocessing agorithm has been run on adominator tree to answer aquery of theform
"does node i dominate node j 7' in congtant time.

19.2 Use Algorithm 19.9 to ca culate the dominators of the Flowgraph of Exercise 18.1, showing the
semidominators and spanning forest a various stages.

19.3 For each of the graphs of Figure 18.1 and Figure 18.2, calculate the immediate dominator tree (using
ether Algorithm 19.9 or thedgorithmin Section 18.1), and for each node n caculate DFlocd[n], DFup[n],
and DF.

*19.4 Prove that, for any node v, Algorithm 19.9+19.10b dwaysinitidizes best[v] v (inthe Link function)
before caling AncestorWithL owestSemi(v).

19.5 Cdculate the dominance frontier of each node in each of these graphs:

a.

Thegraph of Figure 2.8.

The graph of Exercise 2.3a

The graph of Exercise 2.5a

Thegraph of Figure 3.27.

**19.6 Provethat



DF\n| = DFigealnt] U I Dryglz)

Zechildrenin|

asfollows

a.

Show that DFlocd[n] DF[n];

b.
Show that for each child Z of n, DFup[Z] DF[n];
C.
If thereisanode Yin DF[n], then therefore thereisan edge U Y such that n dominates U but does not
grictly dominate Y. Show that if Y= n, then Y DFlocd[n], andif Y n, then Y DFup[Z] for some child Z of
N.
d.
Combine these lemmas into a proof of the theorem.
»[m e 0 ——— 5 X Mir]|’
voo] Sl LS
~ / - x\ = ;E 11: Hl
\RH-H_J";_‘#? 5 R\\if}/
19.7 Convert this program to SSA form: —
Show your work after each stage:
a.
Add agart node containing initidizations of dl variables.
b.
Draw the dominator tree.
C.
Cdculate dominance frontiers.
d.
Insert -functions.
e.

Add subscriptsto variables.



Use Algorithm 19.17 to build the interference graph.

Convert back from SSA form by inserting move ingtructionsin place of -functions.

19.8 This C (or Java) program illustrates an important difference between def-use chains and SSA form:

int f(int i, int j) {

int x,v;
switch(i) {
case 0: x=3;
case 1. x=1;
case 2. x=4;
case 3. x=1;
case 4. x=5;
defaul t: x=9;
}
switch(j) {
case 0: y=x+2;
case 1: y=x+7;
case 2: y=x+1;
case 3: y=x+8;

case 4: y=x+2;
default: y=x+8;
return vy,

}

Draw the control-Flow graph of this program.

Draw the use-def and def-use data structures of the program: For each definition Site, draw alinked-list
data structure pointing to each use site, and vice versa.

Starting from the CFG of part (a), convert the program to SSA form. Draw data structures representing
the uses, defs, and -functions, as described at the beginning of Section 19.3.

Count the total number of data-structure nodes in the use-def data, and the total number in the SSA data
structure. Compare.

Approximate the total sizes of the use-def data structures, and the SSA data structures, if therewere N
casesin each switch instead of 6.



*19.9 Suppose the graph of Exercise 2.3aisthe control-Flow graph of aprogram, and in block 1 thereisan
assgmenttoavariable v.

a.

Convert the graph to SSA form (insert -functionsfor v).

Show that for any N, thereisa"ladder" CFG with O(N) blocks, O(N) edges, and O(N) assgnment
satements (dl in thefirst block!), such that the number of -functionsin the SSA formis N2.

Write a program whose CFG looks like this.

Show that a program containing deeply nested r epeat-until loops can have the same N2 blowup of
-functions.

*19.10 Algorithm 19.7 uses a stack for each variable, to remember the current active definition of the
varigble. Thisisequivalent to using environments to process nested scopes, as Chapter 5 explained for

type-checking.

a.

Rewrite Algorithm 19.7, caling upon the imperative environments of package Symbol (whoseinterfaceis
givenin Program 5.5) instead of using explicit stacks.

Rewrite Algorithm 19.7, using the functional -style symbol tables whaose Table classis described on page
110.

19.11 Show that optimization on an SSA program can cause two SSA variables al and a2, derived from the
samevariable ain theorigina program, to have overlapping live ranges as described on page 428. Hint:
Convert this program to SSA, and then do exactly one constant-propageation optimization.

while ¢c<0 do (b :=a; a:= Mx]; c := ath);
return a;

*19.12 Let Vc and Ec be the nodes and edges of the CFG, and Vi and Ei be the nodes and edges of the
interference graph produced by Algorithm 19.17. Let N = |Vc| + |Ec| + |[Vi| + |Ei|.
a.

Show that the run time of Algorithm 19.17 on thefollowing (weird) program is asymptoticaly
proportional to N1.5:




vl 0

V2 0
vm 0
goto L1

L1 : goto L2
L2 : goto L3

Lme
wl vl
w2 V2
wm o vm
b.

Show that if every block defines at least one variable, and has no more than ¢ statements and no more
than ¢ out-edges (for some constant c), then the time complexity of Algorithm 19.17 is O(N). Hint:
Whenever LiveOutAtBlock iscaled, therewill be et most ¢ callsto LiveOutAtStatement, and at |east
onewill add an edge to the interference graph.
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Chapter 20: Pipeining and
Scheduling

sched-ule: aprocedurd plan that indicates the time and sequence of each operation

Webgter's Dictionary
OVERVIEW

A smple computer can process one ingruction at atime. Firgt it fetches the instruction, then decodes it into opcode
and operand specifiers, then reads the operands from the register bank (or memory), then performs the arithmetic
denoted by the opcode, then writes the result back to the register back (or memory), and then fetches the next
ingruction.

Modern computers can execute parts of many different ingtructions at the same time. At the same time the processor
Iswriting results of two instructions back to registers, it may be doing arithmetic for three other instructions, reading
operands for two more instructions, decoding four others, and fetching yet another four. Meanwhile, there may be
fiveingructions delayed, awaiting the results of memory-fetches.

Such aprocessor usudly fetchesingtructions from asingle flow of control; it's not that severa programsarerunningin
pardld, but the adjacent instructions of asingle program are decoded and executed smultaneoudly. Thisiscaled
instruction-level parallelism (ILP), and isthe basis for much of the astounding advance in processor speed in the
last decade of the twentieth century.

A pipdined machine performs the write-back of one ingtruction in the same cycle asthe arithmetic "execute” of the
next instruction and the operandread of the previous one, and so on. A very-long-instruction-word (VLIW) issues
severd ingructionsin the same processor cycle; the compiler must ensure that they are not data-dependent on each
other. A superscalar machine issuestwo or moreingructionsin pardld if they are not related by data dependence
(whichit can check quickly in the ingtruction-decode hardware); otherwise it issues the ingtructions sequentidly -

thus, the program will till operate correctly if data-dependent instructions are adjacent, but it will run faster if the
compiler has not scheduled non-data-dependent instructions adjacent to each other. A dynamic-scheduling machine
reordersthe ingtructions as they are being executed, so that it can issue severa non-data-dependent ingtructions
smultaneoudy, and may need less help from the compiler. Any of these techniques producesingruction-level
pardlism.

The more ingtructions can be executed smultaneoudy, the faster the program will run. But why can't dl the



ingtructions of the program be executed in pardld? After dl, that would be the fastest possible execution.

There are severd kinds of constraints on ingtruction execution; we can optimize the program for ingtruction-level
paraldism by finding the best schedule that obeys these congraints:

Data dependence: If indruction A calculates aresult that's used as an operand of instruction B,then B cannot
execute before A isfinished.

Functional unit: If there are kfu multipliers (adders, etc.) on the chip, then at most kfu multiplication (addition, etc.)
Ingtructions can execute at once.

Instruction issue: Theingruction-issue unit can issue a most kii insructionsat atime.

Register: At most kr registers can bein use a atime; more specificaly, any schedule must have some valid register
alocation.

The functiond-unit, instruction-issue, and register congtraints are often lumped together as resour ce constraints or
resource hazards.

On apipdined machine, even if "B cannot execute before A", there may be some parts of B's execution (such as
instruction-fetch) that can proceed concurrently with A; Figures 20.2 and 20.3 give detalls.

There are d so pseudo-congtraints that can often be made to disappear by renaming variables:

Write-after-write: If indruction A writesto aregister or memory location, and B writes to the same location, then
the order of A and B must not be changed. But often it is possible to modify the program so that A and B writeto
different locations.

Write-after-read: If A must read from alocation before B writesto it, then A and B's order of execution must not
be swapped, unless renaming can be done so that they use different locations.

Resour ce usage of an instruction We might describe an ingtruction in terms of the number of cyclesit takesto
execute, and the resources it uses at different stages of execution. Figure 20.1 shows such adescription for three
ingructions of ahypothetica machine.

Cyele ‘_l‘n.-\.'l' iy

che? Cycled Cyeled Cyche
ADD 1-Fieted " | Ueeack shatt Rcerad Fowmd Write
AL ch | R wpock | o | L | b Vit

Cyele 0 Cycle |

MULT | I-Fetch | Remd Uspack | Muled | MubA | Mubd | MohB | D e Kol I | Wine

COMY || I-Fetch | Remd Uspack | Add Fcars] | Shift Shift Ak Round | Write

Figure 20.1: Functional unit requirements of instructions (on the MIPS R4000 processor). This machine's
Hoating-point ADD instruction uses the ingtruction-fetch unit for one cycle; reads registersfor one cycle; unpacks
exponent and mantissa; then for the next cycle uses ashifter and an adder; then uses both the adder and arounding
unit; then the rounding unit and a shifter; then writes aresult back to the register file. The MULT and CONV
ingtructions use functiond unitsin adifferent order.



If the ith cycle of ingtruction A uses a particular resource, and the jth cycle of indruction B uses the same resource,
then B cannot be scheduled exactly I cyclesafter A, asillustrated in Figure 20.2.
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Figure 20.2: If thereis only one functiona unit of each kind, then an ADD cannot be sarted a the sametimeasa
MULT (because of numerous resource hazards shown in boldface); nor three cycles after the MULT (because of
Add, Round, and Write hazards); nor four cycles later (because of Add and Round hazards). But if there were two
adders and two rounding units, then an ADD could be started four cycles after aMULT. Or with dua fetch units,
multi ple-access register file, and dua unpackers, the MULT and ADD could be started smultaneoudly.

However, some machines have severa functiond units of each kind (e.g., more than one adder); on such amachineit
does not suffice to congder ingtructions pairwise, but we must consider dl the ingtructions scheduled for agiventime.

Data-dependence of an instruction The same considerations apply to data-dependence congtraints. The result of
someingtruction A iswritten back to the register file during the Write stage of its execution (see Figure 20.1); if
indruction B usesthisregigter, then the Read stage of B must be after the Write stage of A. Some machineshave
bypass circuitry that may alow the arithmetic sage of B to follow immediady after the arithmetic sage of A; for
example, the Shift/Add stage of an ADD ingruction might be able to immediately follow the Round stage of a
MULT. Thaestuatlons areshownin Figure 20.3.

Biata, | Muha qu a | by |.at|"“"EL nd | Write
-Feich |t Raad s ""L’I: ':JJ :I“r:"':h..u
T I-\'u o | [ Mutis ”'a:'"" Reund | | Write
I b el

Figure 20.3: Data dependence. (Above) If the MULT produces aresult that is an operand to ADD, the MULT must
writeitsresult to the register file before the ADD can read it. (Below) Specid bypassing circuitry can route the result
of MULT directly to the Shift and Add units, skipping the Write, Read, and Unpack stages.
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20.1 LOOP SCHEDULING WITHOUT
RESOURCE BOUNDS

Choosing an optimal schedule subject to data-dependence congtraints and resource hazardsis difficult - it is
NP-complete, for example. Although NP-completeness should never scare the compiler writer (graph coloring is
NP-complete, but the approximation agorithm for graph coloring described in Chapter 11 isvery successful), it
remains the case that resource-bounded |oop scheduling ishard to do in practice.

Wewill firgt describe an dgorithm that ignores the resource congtraints and finds an optima schedule subject only to
the data-dependence condraints. Thisagorithm isnot useful in practice, but it illustrates the kind of opportunities
thereareiningruction-level pardldism.

The Aiken-Nicolau loop pipelining dgorithm has severd steps:
1

Unrall theloop;

Schedule each ingtruction from each iteration at the earliest possibletime;

Plot the ingtructionsin atableau of iteration-number versustime;

Find separated groups of ingtructions at given dopes,

Coal esce the dopes;

Reroll the loop.
We use Program 20.4a as an example to explain the notions of tableau, dope, and coalesce. Let us assume that
every ingruction can be completed in one cycle, and that arbitrarily many instructions can beissued in the same cycle,
subject only to data-dependence congtraints.

PROGRAM 20.4: (a) A for-loop to be software-pipelined. (b) After ascalar-replacement optimization (in the
deHnition of a); and scdar variables |abded with ther iteration-number.




fori 1toN fori 1toN

aj Vi1 a jilhbil
baf bi a fil
cej aeaelijl
dfc d fild
ebd @ bi d

f UJi] fi U[i]
g:V[i] b g: V[i] bi
h:Wi] d h: Wi] di
i Xi] it X[i]

@ (b)

Data dependence through memory For optimal scheduling of stores and fetches, we need to trace data
dependence as each valueis stored into memory and then fetched back. As discussed on page 424, dependence
analyss of memory referencesisnot trivid! In order to illustrate loop scheduling for Program 20.4a without
full-fledged dependence analysi's, we can use scalar replacement to replace the referenceto V[i 1] with the
(equivaent) b; now we can see that in the resulting Program 20.4b al memory references are independent of each
other, assuming that thearrays U, V, W, X do not overlap.

Next we mark each variable in the loop body to indicate whether this iteration'svalueisused, or the previous
iteration's value, as shown in Program 20.4b. We can construct a data-dependence graph asavisud aidin
scheduling; solid edges are data dependences within an iteration, and dotted edges are |oop-carried dependences,
asshownin Graph 20.5a.

GRAPH 20.5: Data-dependence graph for Program 20.4b: (&) origind graph, in which solid edges are same-iteration
dependences and dotted edges are loop-carried dependences; (b) acyclic dependences of the unrolled loop.
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Now suppose we unroll the loop; the data-dependence graph isa DAG, as shown in Graph 20.5b. Scheduling
DAGsiseasy if there are no resource congraints; starting from operations with no predecessors, each operation
goes as soon as its predecessors have al completed:

0.6: (a) Tableau of software-pipdined loop schedule; thereisagroup of instructions fj with dope O, another
abg with dope 2, and athird group cdeh with dope 3. (b) The smaller-dope groups are pushed down to Sope
3, and apattern is found (boxed) that congtitutes the pipelined loop.
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1 alclflj1f2j2f3j3
2 bldl

3 elglhla2

4 b2c2

5 d2g2a3

It is convenient to write this schedule in a tableau where the rows are successive cycles and the columns are
successveiterations of the origind loop, asshownin Table 20.6a.

After afew iterations are scheduled, we notice a pattern in the tableau: Thereisagroup of instructions cdeh racing
down to the lower-right corner with adope of three cycles per iteration, another group abg with amore moderate
dope of two cycles per iteration, and athird group fj with zero dope. The key observation isthat there are gapsin
the schedule, separating identical groups, that grow larger at a constant rate. In this case the groups of instructions at
iteration i 4 areidentical to the groups at iteration i + 1. In general the groups at iteration i will beidentica to the
groupséat i + c,where sometimes ¢ > 1; see Exercise 20.1.



Theorems;

If there are K ingructionsin the loop, the pattern of identical groups separated by gapswill dways appear
within K2 iterations (and usualy much soone).

We can increase the dopes of the less steeply doped groups, thereby either closing the gaps or at least
making them smal and nonincreasing, without violating data-dependence congraints.

The resulting tableau has arepesting set of midentica cycles, which can condtitute the body of a pipelined
loop.

Theresulting loop isoptimaly scheduled (it runsin the least possible time).

See the Further Reading section for reference to proofs. But to see why theloop is optimal, consider that the
data-dependence DAG of the unrolled loop has some path of length P to the last ingtruction to execute, and the
scheduled loop executes that ingtruction &t time P.

The result, for our example, isshown in Table 20.6b. Now we can find arepesting pattern of three cycles (snce
three isthe dope of the stegpest group). In this case, the pattern does not begin until cycle 8; it is shown in abox.
Thiswill condtitute the body of the scheduled loop. Irregularly scheduled instructions before the loop body congtitute
aprologue, and ingructions after it condtitute the epilogue.

Now we can generate the multiple-ingtruction-issue program for thisloop, as shown in Figure 20.7. However, the
variables dill have subscriptsin this"program’: Thevariable ji+1islive a the sametimeas ji. To encodethis
program in ingtructions, we need to put in MOV E indructions between the different variables, as shown in Figure
20.8.

|. al jo bo cl €0 jO f1 U[1] i1 X[1]

bl al f0 dl f0 c1 f2 U[Z] i2 X[2]
el bl d1 V[1] bl W1 d1 a2 j1 bl
b2 a2 f1 2 el j1 f3 U[3] i3 X[3]

d2 f1 2 V[2] b2 a3 j2 b2



€2 b2 d2 W2] d2 b3 a3 f2 f4 U[4) j4 X[4]
c3 €22 V[3] b3 a4 j3 b3 i 3
L:|di filj2 V[3] b3
g bi di Wi] di V[i+1] bi+1 fi+2 U[i+2] ji+2 X[i+2]
a+l @ ji ai+2 ji+1l bi+1 |ii+1 ifi<N 2gotoL

dN1fN1cN1 bN aN fN1

eN1bN1dN WN 1 dN1V]
1 N] bN

cN1eN1jN1

dN fN 1 cN

eN bN dN W[N] dNN

. 20.7: Pipdined schedule. Assignmentsin each row happen smultaneoudy; each right-hand side refersto the
vaue before the assgnment. Theloop exittest i < N + 1 has been "moved past” three increments of i, SO appearsas i
<N 2.

. al jO bo cl €0 jO f1 U[1] i1 X[1]
bl al f0 d1 fo c1 f U2 i2 X[2]
el bl d1 V[1] bl W1 d1 a2 j1 bl
b2 a2 f1 2 el jl f U[3] i X[3]
dflc2 V[2] b2 aj2 b2
e2 b2 d2 W2 d2 baf f U[4] i X[4]
ce2j2 V3] b ajb i 3




L:df c baf bbaaf f;ffj j;j]
ebd Wi] d V[i+1] b f U[i+2] j X[i+2]
cej ajb i+l ifi<N 2goto L
df c baf b b
ebd WIN 1] dV[N]
b
cej
dfc
ebd WN] d

. 20.8: Pipelined schedule, with move indructions.

Thisloop isoptimally scheduled - assuming the machine can execute eight ingtructions at atime, including four

smultaneous loads and stores.

Multicycleinstructions Although we haveillustrated an example where each ingtruction takes exactly one cycle,
the dgorithm iseaslly extensible to the Situation where some ingtructions take multiple cycles.
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20.2 RESOURCE-BOUNDED LOOP PIPELINING

A red machine canissue only alimited number of ingructions at atime, and has only alimited number of |oad/store
units, adders, and multipliers. To be practicaly useful, a scheduling agorithm must take account of resource
condrants.

Theinput to the scheduling dgorithm must bein three parts:

1.

A program to be scheduled;
2.

A description of what resources esch ingtruction usesin each of its pipeline stages (Smilar to Figure 20.1);
3.

A description of the resources available on the machine (how many of each kind of functiona unit, how many
ingtructions may beissued at once, restrictions on what kinds of ingtructions may be issued smultaneoudy,
and so on).

Resource-bounded scheduling is NP-complete, meaning that there is unlikely to be an efficient optima dgorithm. As
usud in this Stuation, we use an gpproximation agorithm that does reasonably well in "typica” cases.

MODULO SCHEDULING

Iterative modul o scheduling isapracticd, though not optimal, agorithm for resource-bounded |oop scheduling.
Theideaisto useiterative backtracking to find agood schedule that obeys the functiona-unit and data-dependence
congraints, and then perform register alocation.

The dgorithm triesto place dl the ingtructions of the loop body inaschedule of cycles, assuming that there will also
be a prologue and epilogue of the kind used by the Aiken-Nicolau agorithm. The dgorithm triesincreasing va ues of
until it resches avaue for which it can make a schedule.

A key ideaof modulo scheduling isthat if an ingtruction violates functiond-unit congraints at time t, then it will not fit
atimet+ ,oratanytimetwheret t modulo .

Suppose, for example, we are trying to schedule Program 20.4b with = 3 on amachine that can perform only one
load ingtruction at atime. Thefollowing loop-body scheduleisillegd, with two different loads at cycle 1.



]

fi = Ul fi — Xl

bl -

We can move fi from cycle 1 of theloop to cycle 0, or cycle 2:
of i = UlF] ]
1 i = Alf] | i — X7l
2 3 fi — ULl

Either one avoids the resource conflict. We could move fi even earlier, to cycle 1, where (in effect) we are

computing fi+1, or even later, to cycle 3, where we are computing fi 1
0 [ fi_) — Ui —1]
1 ji = Ali] I ji = XTFl
g1 = Ul +11 3

L

But with = 3 we can never solve the resource conflict by moving fi from cycle 1 to cycle 4 (or to cycle -2), because
1 4 modulo 3; the calculation of f would still conflict with the caculation of |:

]
—

fi—g = Ui =1] ji — Xlil

lad —

Effectson register allocation Congder thecaculationof d f ¢, which occursat cycle O of the schedulein Figure
20.7. If we place the calculation of d in alater cycle, then the data-dependence edges from the definitions of f and ¢
to thisingtruction would lengthen, and the data-dependence edges from thisingtruction to theuse of din W[i] d
would shrink. If a data-dependence edge shrinksto less than zero cycles, then a data-dependence congraint has
been violated; this can be solved by also moving the calculationsthat use d to alater cycle.

Conversdly, if adata-dependence edge grows many cycleslong, then we must carry severd "versons' of avadue
around theloop (aswecarry f; f , f around the loop of Figure 20.8), and this means that we are using more
temporaries, so that register alocation may fail. Infact, an optimal loop-scheduling agorithm should consider register
alocation smultaneoudy with scheduling; but it isnot clear whether optima dgorithms are practicd, and the iterated
modul o scheduling agorithm described in this section first schedules, then does register alocation and hopesfor the
best.

FINDING THE MINIMUM INITIATION INTERVAL

Modulo scheduling begins by finding alower bound for the number of cyclesin the pipeined loop body:

Resour ce estimator : For any kind of functional unit, such asamultiplier or amemory-fetch unit, we can see how
many cycles such unitswill be used by the corresponding instructions (e.g., multiply or load, respectively) in the loop
body. This, divided by the number of that kind of functiona unit provided by the hardware, gives alower bound for .
For example, if there are 6 multiply instructions that each useamultiplier for 3 cycles, and there aretwo multipliers,
then 6-3/2.

Data-dependence estimator: For any data-dependencecycle in the data-dependence graph, where some value xi
depends on achain of other calculations that dependson xi 1, thetotal latency of the chain gives alower bound for .

Let min be the maximum of these estimators.



Let uscaculate minfor Program 20.4b. For smplicity, we assumethat one -arithmetic instruction and one
load/store can beissued at atime, and every ingtruction finishesin one cycle; and we will not consider the scheduling
of i i+ 1ortheconditional branch.

Thenthe arithmetic resource estimator is5 -ingructionsin theloop body divided by 1 issuable arithmetic
indructions per cycle, or 5. The load/store resource estimator is4 load/store ingtructionsin the loop body divided
by 1 issuable memory operations per cycle, or 4. The data-dependence estimator comesfromthecycled di & di
+1in Graph 20.5a, whose length gives 3.

Next, we prioritize the instructions of the loop body by some heurigtic that decides which instructions to consider

first. For example, ingtructionsthat arein critical data-dependence cycles, or ingtructions that use alot of scarce
resources, should be placed in the schedulefirst, and then other ingtructions can befilled in around them. Let H1, , Hn
be the ingtructions of the loop body, in (heuristic) priority order.

In our example, wecoulduseH=[c, d, e a, b, f, j, g, h], putting early the ingtructionsthat are in the critical
recurrence cycle or that use the arithmetic functiona unit (Snce the resource estimatorsfor thisloop tell usthat
arithmetic isin more demand than lcad/stores).

The scheduling dgorithm maintainsaset Sof scheduled ingtructions, each scheduled for aparticular time t. Thevaue
of SchedTime[h] = noneif h S otherwise SchedTime[h] isthe currently scheduled time for h. The membersof S
obey al resource and data-dependence congtraints.

Eachiteration of Algorithm 20.9 places the highest-priority unscheduled ingtruction hiinto S asfollows:

1.
Inthe earliest time dot (if thereis one) that obeys al dependence congtraints with respect to already-placed
predecessors of h, and respects all resource constraints.

2.

But if thereisno dotin consecutive cycles that obeys resource congtraints, then there can never besuch a
dot, because thefunctiond unitsavailablea timet arethe sameasthoseat t + ¢ - . Inthiscase, hisplaced
without regard to resource congraints, in the earliest time dot that obeys dependence congtraints (with
respect to already-placed predecessors), and is later than any previous attempt to place h.

ALGORITHM 20.9: Iterative modul o scheduling.

mnto
udget n. 3
for i 1ton

Last Ti me[i] 0

SchedTi me[i] none
whil e Budget > 0 and there are any unschedul ed instructions
Budget Budget - 1
let h be the highest-priority unschedul ed instruction
tmn 0
for each predecessor p of h

if SchedTine[p] none

tmn max(tmin, SchedTinme[p] + Delay(p, h))



for t tmnto tnmn+ -1
if SchedTime[h] = none
if h can be schedul ed wi thout resource conflicts
SchedTi e[ h] t
if SchedTime[h] = none
SchedTi e[ h] max(tmin, 1 + LastTine[h])
Last Ti me[ h] SchedTi e[ h]
for each successor s of h
if SchedTi ne[ s] none
if SchedTime[h] + Delay(h, s) > SchedTinme[s]
SchedTi ne[ s] none
while the current schedul e has resource conflicts
let s be sonme instruction (other than h) involved in a resource conflict
SchedTi e[ s] none
if all instructions are schedul ed
Regi ster Al l ocat e()
if register allocation succeeded w thout spilling
return and report a successfully schedul ed | oop
Del ay(h, s) =
G ven a dependence edge hi si +k, so that h uses the value of s fromthe kth
previous iteration
(where k = 0 means that h uses the current iteration's value of S);
G ven that the latency of the instruction that conmputes s is | cycles;
return | - K

Once hisplaced, other instructions are removed to make the subset schedule Slegd again: any successors of h that
now don't obey data-dependence congtraints, or any ingtructions that have resource conflicts with h.

This placement-and-remova could iterate forever, but most of the time either it finds a solution quickly or thereisno
solution, for agiven . To cut the agorithm off if it does not find aquick solution, a Budget of ¢ - n schedule
placementsisdlowed (for ¢ = 3 or some smilar number), after which thisvaue of isabandoned and the next oneis
tried.

When a def-use edge associated with variable j becomes longer than cycles, it becomes necessary to have more
than one copy of j, with MOV E ingructions copying the different-iteration versonsin bucket-brigade style. Thisis
illugrated in Figure 20.8 for variables a, b, f, j, but wewill not show an explicit agorithm for inserting the moves.

Checking for resource conflictsis done with a resource reservation table, an array of length . The resources used
by aningruction at time t can be entered in the array at position t mod ; adding and removing resource-usage from
thetable, and checking for conflicts, can be done in constant time.

Thisagorithm is not guaranteed to find an optimal schedule in any sense. There may be an optimal, register-allocable
schedulewith initiation interva |, and the dgorithm may fail to find any schedulewith time , or it may find aschedule
for which register-dlocation fails. The only consolation isthat it is reported to work very well in practice.

The operation of the algorithm on our exampleis shown in Figure 20.10.



Figure 20.10: Iterative modulo scheduling applied to Program 20.4b. Graph 20.5a is the data-dependence graph;,
min=>5(seepage45l); H=[c,d, e a, b, f, ], g, h].

OTHER CONTROL FLOW

We have shown scheduling dgorithms for smple straight-line loop bodies. What if the loop containsinterna control
flow, such as atree of if-then-else statements? One approach isto compute both branches of the loop, and then use
a conditional move ingruction (provided on many high-performance machines) to produce the right result.

For example, the loop at |eft can be rewritten into the loop at right, using a conditional move:

for i 1to N for i 1to N X  Mi] x Mi]
if x>0 u z X
u z X u  Ali]
else u Ai] if Xx>0nmveu u
s s +u s s +u

The resulting loop body is now straight-line code that can be scheduled easily.

But if thetwo sdes of the if differ greatly in 9ze, and the frequently executed branch isthe smal one, then executing
both sdesin every iteration will be dower than optima. Or if one branch of the if has a side effect, it must not be
executed unlessthe conditionistrue.

To solve this problem we use trace scheduling: We pick some frequently executed straight-line path through the
branches of contral flow, schedule this path efficiently, and suffer some amount of ineffiency at those timeswhere we
must jump into or out of the trace. See Section 8.2 and aso the Further Reading section of this chapter.

SHOULD THE COMPILER SCHEDULE INSTRUCTIONS?

Many machines have hardware that does dynamic instruction rescheduling at run time. These machines do
out-of-order execution, meaning that there may be several decoded ingtructionsin a buffer, and whichever
ingtruction’'s operands are available can execute next, even if other ingtructions that appeared earlier in the program
code are still awaiting operands or resources.

Such machines first appeared in 1967 (the IBM 360/91), but did not become common until the mid-1990s. Now it
appearsthat most high-performance processors are being designed with dynamic (run-time) scheduling. These



machines have severa advantages and disadvantages, and it isnot yet clear whether gtatic (compile-time) scheduling
or out-of-order execution will become standard.

Advantages of static scheduling Out-of-order execution uses expensive hardware resources and tends to increase
the chip's cycle time and wattage. The static scheduler can schedule earlier the instructions whose future
data-dependence path islongest; ared-time scheduler cannot know the length of the data-dependence path leading
from an ingtruction (see Exercise 20.3). The scheduling problem is NP-complete, so compilers - which have no
real-time congraint on their scheduling algorithms - should in principle be able to find better schedules.

Advantages of dynamic scheduling Some aspects of the schedule are unpredictable at compile time, such as
cache misses, and can be better scheduled when their actua latency isknown (see Figure 21.5). Highly pipelined
schedules tend to use many regigters, typica machines have only 32 register namesin afive-bit ingruction field, but
out-of-order execution with run-time register renaming can use hundreds of actua registers with afew static names
(seethe Further Reading section). Optimal static scheduling depends on knowing the precise pipdine state that will
be reached by the hardware, which is sometimes difficult to determinein practice. Finaly, dynamic scheduling does
not require that the program be recompiled (i.e., rescheduled) for each different implementation of the same
ingtruction s=t.
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20.3 BRANCH PREDICTION

In many floating-point programs, such as Program 20.4a, the basic blocks are long, the ingtructions are long-latency
floating-point operations, and the branches are very predictable for -loop exit conditions. In such programsthe
problem, as described in the previous sections, isto schedule the long-latency ingtructions.

But in many programs - such as compilers, operating systems, window systems, word processors - the basic blocks
are short, the ingtructions are quick integer operations, and the branches are harder to predict. Herethe main
problem isfetching the instructions fast enough to be able to decode and execute them.

Figure 20.11 illustrates the pipeline stages of a COMPARE, BRANCH, and ADD ingtruction. Until the BRANCH
has executed, the ingtruction-fetch of the successor ingtruction cannot be performed because the addressto fetch is

unknown.

COMPARE | 1-Feteh | Read Arith | | Wite

BRANCH [ T-Fetch | Read | © Arith |

ADD Wl Wil I 1-Fetch | Rl Al l Wrile

Figure 20.11: Dependence of ADD's ingtruction-fetch on result of BRANCH.

Suppose a superscalar machine can issue four ingructions at once. Then, in waiting three cycles after the BRANCH
isfetched before the ADD can befetched, 11 instruction-issue dots are wasted (3 x 4 minusthe dot that the
BRANCH occupies).

Some machines solve this problem by fetching the instructionsimmediately following the branch; then if the branchis
not taken, these fetched-and-decoded ingtructions can be used immediately. Only if the branch istaken are there
ddled ingruction dots. Other machines assume the branch will be taken, and begin fetching the instructions at the
target address; then if the branch falsthrough, thereisa stal. Some machines even fetch from both addresses
simultaneoudy, though this requires a very complex interface between processor and instruction-cache.

Modern machinesrely on branch prediction to make the right guess about which ingtructionsto fetch. The branch
prediction can be static - the compiler predicts which way the branch islikely to go and placesits prediction in the
branch ingruction itsdf; or dynamic - the hardware remembers, for each recently executed branch, which way it
went last time, and predictsthat it will gothesameway.

STATIC BRANCH PREDICTION

The compiler can communicate predictionsto the hardware by a 1-bit field of the branch instruction that encodes the
predicted direction.

To savethishit, or for compatibility with old instruction sets, some machines use arule such as "backward branches
are assumed to be taken, forward branches are assumed to be not-taken.” The rationae for the first part of thisrule



isthat backward branches are (often) loop branches, and aloop is more likely to continue than to exit. The rationale
for the second part of the ruleisthat it's often useful to have predicted-not-taken branches for exceptional conditions;
if all branches are predicted taken, we could reverse the sense of the condition to make the exceptiona case "fdl
through" and the normal case take the branch, but thisleads to worse instruction-cache performance, as discussed in
Section 21.2. When generating code for machines that use forward/backward branch direction as the prediction
mechanism, the compiler can order the basic blocks of the program in so that the predictedtaken branches go to
lower addresses.

Several smple heurigtics help predict the direction of abranch. Some of these heuristics make intuitive sense, but al
have been vaidated empiricaly:

Pointer: If aloop performsan equality comparison on pointers (p=null or p=q), then predict the condition as false.

Call: Abranchis less likdly to be the successor that dominates a procedure cal (many conditiond calsareto handle
exceptiond Stuations).

Return: Abranchis less likely to a successor that dominates a return-from-procedure.

L oop: Abranchis more likely to the successor (if any) that isthe header of the loop containing the branch.

L oop: Abranchis more likely to the successor (if any) that isaloop preheader, if it does not postdominate the
branch. This catches the results of the optimization described in Figure 18.7, wheretheiteration count ismore likely
to be > 0 than = 0. (B postdominates A if any path from A to program-exit must go through B; see Section 19.5.)

Guard: If somevauer isused as an operand of the branch (as part of the conditiond test), then abranchis more
likely to asuccessor inwhich r islive and which does not postdominate the branch.

There are some branches to which more than one of the heuristics gpply. A smple gpproach in such casesisto give
the heurigtics a priority order and use the first heuristic in the order that applies (the order in which they arelisted
aboveis areasonable prioritization, based on empirical measurements).

Another approach isto index atable by every possible subset of conditions that might apply, and decide (based on
empirica measurements) what to do for each subset.

SHOULD THE COMPILER PREDICT BRANCHES?

Perfect static prediction resultsin adynamic mispredict rate of about 9% (for C programs) or 6% (for Fortran
programs). The"perfect” mispredict rateis not zero because any given branch does not go in the same direction more
than 91% of the time, on average. If abranch did go the same direction 100% of the time, there would be little need
for it! Fortran programs tend to have more predictable branches because more of the branches are loop branches,
and the loops have longer iteration counts.



Profile-based prediction, in which aprogram is compiled with extrainstructions to count the number of times each
branch is taken, executed on sample data, and recompiled with prediction based on the counts, approachesthe
accuracy of perfect static prediction.

Predi ction based on the heuristics described above results in a dynamic mispredict rate of about 20% (for C
programs), or about half as good as perfect (or profile-based) static prediction.

A typical hardware-based branch-prediction scheme uses two bitsfor every branch in theinstruction cache,
recording how the branch went the last two times it executed. Thisleads to misprediction rates of about 11% (for C
programs), which is about as good as profile-based prediction.

A mispredict rate of 10% can result in very many stalled ingtructions - if each mispredict salls 11 ingtruction dots, as
described in the example on page 456, and there is one mispredict every 10 branches, and one-sixth of dl
ingtructions are branches, then 18% of the processor'stimeis spent waiting for mispredicted instruction-fetches.
Thereforeit will be necessary to do better, using some combination of hardware and software techniques. Relying on
heuristics that mispredict 20% of the branchesis better than no predictions at al, but will not sufficein thelong run.
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FURTHER READING

Hennessy and Patterson [1996] explain the design and implementation of high-performance machines,
indruction-level pardldism, pipeline Sructure, functional units, caches, out-of-order execution, register renaming,
branch prediction, and many other computer-architecture issues, with comparisons of compiler versus
run-time-hardware techniques for optimization. Kane and Heinrich [1992] describe the pipeline congraints of the
MIPS R4000 compurter, from which Figures 20.1 and 20.2 are adapted.

CISC computers of the 1970simplemented complex ingtructions sequentidly using an internal microcode that could
do severd operations s multaneoudly; it was not possible for the compiler to interleave parts of severa
macroingructions for increased paralelism. Fisher [1981] devel oped an automatic scheduling agorithm for
microcode, using the idea of trace scheduling to optimize frequently executed paths, and then proposed a
very-long-ingtruction-word (VLIW) architecture [Fisher 1983] that could expose the microoperations directly to user
programs, using the compiler to schedule.

Aiken and Nicolau [1988] were among thefirst to point out that asingle loop iteration need not be scheduled in
isolation, and presented the agorithm for optimal (ignoring resource congraints) paralelization of loops.

Many variations of the multiprocessor scheduling problem are NP-complete [Garey and Johnson 1979; Ullman
1975]. The iterative modulo scheduling agorithm [Rau 1994] gets good resultsin practice. In the absence of
resource congtraints, it is equivalent to the Bellman-Ford shortest-path algorithm [Ford and Fulkerson 1962].
Optimal schedules can be obtained (in principle) by expressing the congtraints as an integer linear program
[Govindargan et d. 1996], but integer-linear-program solvers can take exponentia time (the problemis
NP-complete), and the register-allocation congtraint is still difficult to expressin linear inequdities.

Ball and Larus[1993] describe and measure the static branch-prediction heuristics shown in Section 20.3. Young
and Smith [1994] show a profile-based gtatic branch-prediction agorithm that does better than optima satic
predition; the gpparent contradiction in this statement is explained by the fact that their gorithm replicates some
basic blocks, so that abranch that's 80% taken (with a 20% misprediction rate) might become two different
branches, one amost-always taken and one almost-aways not taken.
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EXERCISES

20.1 Schedule the following loop using the Aiken-Nicolau dgorithm:

for i 1to N
a Xi - 2]
b Y[i - 1]
c axb
d Ui]
e Xi - 1]
f d +e
g d x c
h: Xi] g
iooY[i] f
a.

Labd dl the scalar variableswith subscriptsi and i 1. Hint: In thisloop there are no loop-carried
scalar-variable dependences, so none of the subscriptswill bei 1.

Perform scalar replacement on usesof X[] and Y[]. Hint: Now you will have subscriptsof i 1and i 2.

Perform copy propagation to diminate variables a, b e.

Draw adata-dependence graph of statements ¢, d, f, g, h, j; labd intraiteration edges with 0 and
loop-carried edgeswith 1 or 2, depending on the number of iterations difference thereisin the subscript.

Show the Aiken-Nicolau tableau (asin Table 20.6a).

Find the identical groups separated by increasing gaps. Hint: Theidentica groupswill be ¢ cycles apart,
whereinthiscase c isgreater than onel

Show the steepest-dope group. Hint: The dopeisnot an integer.



Unrall theloop k times, where k isthe denominator of the dope.

Draw the data-dependence graph of the unrolled loop.

Draw the tableau for the schedule of the unrolled loop.

Find the dope of the steepest-dope group. Hint: Now it should be an integer.

Move the shallow-dope group(s) down to close the gap.

Identify the loop body, the prologue, and the epilogue.

Write a schedule showing placement of the prologue, loop body, and epilogue in specific cycles, like
Figure 20.7.

Eliminate the subscripts on variablesin the loop body, inserting move instructions where necessary, asin
Figure 20.8.

20.2 Do partsad of Exercise 20.1. Then use iterated modul o scheduling to schedule the loop for amachine
that can issuethreeingructions at atime, of which at most one can be amemory instruction and at most one
can beamultiply ingtruction. Every ingtruction completesin one cycle.

a.

Explicitly represent theincrement indruction ii+1 ii + 1 and theloop branch k : if ii+1 N goto loop in
the data-dependence graph, with an edgefrom i to itsdf (Iabeled by 1), fromi to k (labeled by 0), and
from k to every node in theloop body (labeled by 1).

Caculate min based on data-dependence cycles, the 2-ingtruction per cycle limit, the
1-load/store-per-cycle limit, and the 1-multiply-per-cycle limit. Remark: The required for a
data-dependence cycleisthe length of the cycle divided by the sum of the edge labels (where edge labels
show iteration distance, as described in Exercise 20.1d).

Run Algorithm 20.9, showing the SchedTime and Resource tables each time a variable has to be
removed from the schedule, asin Figure 20.10. Use the priority order H =i, k, ¢, d, g, f, h, j].
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Eliminate the subscripts on variablesin the loop body, inserting move ingtructions where necessary, asin
Figure 20.8. If the move indructions don't fit into the 3-ingtruction-issue limit, then it'stimeto increase
and try again.

20.3 Congder the following program:

L :

a Ui] a: a Ui]
b axa d: d dxa
D VI[i] b b: b axa
. i+ 1 c: VIi] b
cod d x a i i+ 1

if d 1.0 goto L e: if d 1:0 goto L

(1) UnschedulLed (1) SchedulLed

Suppose these loops are to be run on an out-of-order execution machine with these characteristics: Each
instruction takes exactly one cycle, and may be executed as soon asits operands are ready and al preceding
conditiona branches have been executed. Severd instructions may be executed at once, except that thereis
only one multiply unit. If two multiply instructions are ready, the ingtruction from an earlier iteration, or
occurring Frst in the sameiteration, is executed.

The program was originaly written as shown in loop (1); the compiler has rescheduled it asloop (11). For
each of the two loops:
a.

Draw the data-dependence graph, showing loop-carried dependences with adashed line.

Add the control dependence as aloop-carried edge from e to each of the other nodes.

To smulate how the machine will execute the loop, show the Aiken-Nicolau tableau, with the regtriction
that b and d must never be put in the same cycle. In acyclewhere b and d's predecessors are both
ready, prefer the ingruction from the earlier iteration, or from earlier in the sameiteration.

Compute the steepest dope in the tableau; how many cycles per iteration does the loop take?

Can compiler scheduling be useful for dynamically rescheduling (out-of-order execution) machines?

20.4 On many machines, ingtructions after aconditional branch can be executed even before the branch
condition isknown (the instructions do not commit until after the branch condition is verified).



Suppose we have an out-of-order execution machine with these characteristics: An add or branch takes one
cycle, amultiply takes 4 cycles, each instruction may be executed as soon as its operands are ready. Severd
indructions may be executed at once, except that thereis only one multiply unit. If two multiply indructions
areready, the ingruction from an earlier iteration, or occurring First in the sameiteration, is executed.

For amachine with this behavior, do parts a-e of Exercise 20.3 for the following programs:

L : L :

a: a exu b: b exyv

b: b exyv a: a exu

c: c a+ w c: ¢C a+ w

d: d C + X d: d ¢+ x

e: e d+vy e: e d+vy

f :if e>0.0goto L f :if e>0.0goto L

(1) Unschedul ed (1) Schedul ed

o
Team-Fly " §

20.5 Write ashort program that contains an instance of each of the branch-prediction heuristics (pointer, call,
return, loop header, |oop preheader, guard)described on pages 457-458. Label each instance.

20.6 Use branch-prediction heuristics to predict the direction of each of the conditional branchesin the
programs of Exercise 8.6 (page 175) and Figure 18.7b (page 386); explain which heurigtic appliesto each
prediction.
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Chapter 21: The Memory
Hierarchy

mem-o-ry: adevice in which information can be inserted and stored and from which it may be extracted when
wanted
hi-er-ar-chy: agraded or ranked series

Webster's Dictionary

OVERVIEW

Anidedized random access memory (RAM) has N wordsindexed by integers such that any word can be fetched
or stored - using itsinteger address - equaly quickly. Hardware designers can make abig dow memory, or asmdl
fast memory, but abig fast memory is prohibitively expensive. Also, one thing that speeds up accessto memory isits
nearness to the processor, and a big memory must have some parts far from the processor no matter how much
money might be thrown at the problem.

Almost as good as abig fast memory isthe combination of asmal fast cache memory and abig dow main memory;
the program keepsiits frequently used datain cache and the rarely used datain main memory, and when it entersa
phasein which datum x will be frequently used it may move x from the dow memory to the fast memory.

It'sinconvenient for the programmer to manage multiple memories, so the hardware doesit automaticaly. Whenever
the processor wants the datum at address X, it looksfirst in the cache, and - we hope - usualy findsit there. If there
Isacachemiss - x isnot in the cache - then the processor fetches x from main memory and places acopy of x inthe
cache so that the next reference to x will bea cache hit. Placing x in the cache may mean removing some other
datum y from the cache to make room for it, so that some future accessto y will be acache miss.
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21.1 CACHE ORGANIZATION

A direct-mapped cacheis organized in the following way to do this quickly. There are 2m blocks, each holding 2l
words of 2w bytes; thus, the cache holds 2w+I+m bytesin dl, arranged in an array Data[block][word][byte]. Each
block isacopy of some main-memory data, and thereis a tag array indicating where in memory the current contents
comefrom. Typicaly, theword size 2w might be 4 bytes, the block size 2w+l might be 32 bytes, and the cache size 2
w+l+m might be as small as 8 kilobytes or as large as 2 megabytes.

Given an address x, the cache unit must be able to find whether x isin the cache. The address x is composed of n
bits, xn 1 xn 2 x2x1x0 (see Figure 21.1). In a direct-mapped cache organization, we take the middle bits as the key
= xw+l+m Ixw+l+m 2 xw+l, and hold the datafor x in Data[key]. Thehigh bits xn 1xn 2 xw-+|+m form the tag,
andif Tags[key] tag,then thereisa cache miss - theword we requireis not in cache. In this case, contents of data[
key] are sent back to main memory, and the contents of memory at address xn 1 xw+l, are fetched into the kth
cache block (and also sent to the CPU). Accesstime for main memory is much longer than the cache accesstime, so
frequent missesareundesirable.

Figure 21.1: Organization of adirect-mapped cache. Key field of the addressis used to index the tags array and the
data blocks; if tagq key] matchesthe tag field of the address then the dataiis valid (cache hit). Word index isused to
select aword from the cache block.

The next time address x isfetched, if no intervening instruction has fetched another address with the same key but
different tag, therewill be a cache hit: Tags[key] = tag, and bits xw+l 1 xw will address aword within the keyth
block: The contents of data[key][xw+| 1 xw] aretransferred to the processor. Thisis much faster than going dl the
way to main memory for the data. If the fetching instruction is a byte-fetch (instead of aword-fetch), then (typically)
the processor takes care of selecting the byte xI 1 x0 from the word.

Another common organization isthe set-associative cache, which isquite smilar but can hold more than one block
with the same key value. The compiler optimization strategies presented in this chapter are vaid for both
direct-mapped caches and set-associative caches, but they are abit more straightforward to analyze for
direct-mapped caches.

Write-hit policy The paragraphs above explain what happens on a read, when the CPU asks for data at address x.
But what happens when the CPU writes data at address x?1f x isin the cache, thisisa write hit, whichiseasy and



efficient to process. On awrite hit, main memory may be updated now (write-through), or only when the cache block
isabout to be flushed from the cache (write-back), but the choice of write-hit policy does not much affect the
compilation and optimization of sequentia programs.

Write-miss policy If the CPU writes dataat an address not in the cache, thisisa write miss. Different machines
have different write-miss policies

Fetch-on-write Word x iswritten to the cache. But now the other datawords in the same cache block belonged to
some other address (that had the same key as x), so to make avalid cache block the other words are fetched from
main memory. Meanwhile, the processor is staled.

Write-validate Word x iswritten to the cache. The other words in the same cache block are marked invalid;
nothing isfetched from main memory, so the processor is not stalled.

Write-around Word x iswritten directly to main memory, and not to the cache. The processor isnot stalled, asno
responseis required from the memory system. Unfortunately, the next time x isfetched there will be aread miss,
which will delay the processor.

The write-miss policy can affect how programs should be optimized (see pages 475 and 480).

Several layersof cache A modern machine hasa memory hierarchy of severd layers, asshownin Figure 21.2:
Inside the processor are registers,which can typically hold about 200 bytesin al and can be accessed in 1 processor
cycle abit farther away isthe primary cache, which can typicaly hold 8- 64 kilobytes and be accessed in about

2-3 cycles, then the secondary cache can hold about a megabyte and be accessed in 7-10 cycles, main memory
can hold 100 megabytes and be accessed in 100 cycles. The primary cacheisusudly split into an instruction cache
- from which the processor fetches instructions to execute, and a data cache, from which the processor fetches and
stores operands of ingtructi ons. The secondary cache usualy holds both instructions and data.

Edk-20

Figure 21.2: The memory hierarchy.

Many processors can issue severd ingructions per cycle; the number of useful ingtructionsin acycle varies,
depending on data-dependence and resource constraints (see page 441), but let us suppose that two useful
ingtructions can be completed in each cycle, on the average. Then aprimary-cache missisa 15-ingruction delay
(7-10 cycles, times 2), and a secondary-cache missis a 200-instruction delay.

This cache organization has severa consequences of interest to the programmer (and often to the compiler):

Byte fetch: Fetching asingle byteis often more expensve than fetching awhole word, because the memory
interface delivers awhole word at atime, so the processor must do extra shifting.

Byte store: Storing asingle byteis usually more expensive than storing awhole word, because the other bytes of
that word must be fetched from the cache and stored back intoit.



Temporal locality: Accessing (fetching or storing) aword that has been recently accessed will usualy be acache hit.

Spatial locality: Accessing aword in the same cache block as one that has been accessed recently will usualy bea
cachehit.

Cache conflict: If address a and address a + i - 2w+b+m are both frequently accessed, there will be many cache
misses because accessing one will throw the other out of the cache.

The compiler can do optimizing transformations that do not decrease the number of instructions executed, but that
decrease the number of cache misses (or other memory stalls) that the program encounters.
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21.2 CACHE-BLOCK ALIGNMENT

Thetypica cache-block size (B = about 8 words, more or less) issimilar to the typical data-object size. We may
expect that an agorithm that fetches onefield of an object will probably fetch other filds as well.

If x straddles amultiple-of-B boundary, then it occupies portions of two different cache blocks, both of which are
likely to be active a the same time. On the other hand, if x does not cross a multiple-of-B boundary, then accessing
al thefiddsof x uses up only one cache block.

To improve performance by using the cache effectively, the compiler should arrange that data objects are not
unnecessarily split across blocks.

There are Smple waysto accomplish this:
1.

Allocate objects sequentialy; if the next object does not fit in the remaining portion of the current block, skip
to the beginning of the next block.

Allocate Sze-2 objectsin one area of memory, al aigned on multiple-of-2 boundaries; Sze-4 objectsin
another areg, digned on multiple-of-4 boundaries, and so on. This diminates block-crossng for many
common-sized objects, without wasted space between the objects.

Block aignment can waste some space, leaving unused words at the end of some blocks, as shown in Figure 21.3.
However, the execution speed may improve; for agiven phase of the program, thereisaset Sof frequently accessed
objects, and aignment may reduce the number of cache blocks occupied by Sfrom anumber greater than the cache
gzeto anumber that fitsin the cache.



(a) 15)]

Figure 21.3: Alignment of data objects (or basic blocks) to avoid crossing cache-block boundariesis often
worthwhile, even at the cost of empty space between objects.

Alignment can be applied both to global, static data and to heap-alocated data. For globa data, the compiler can
use assembly-language aignment directivesto instruct the linker. For heap-alocated records and objects, it isnot the
compiler but the memory alocator within the runtime system that must place objects on cache-block boundaries, or
otherwise minimize the number of cache-block crossngs.

ALIGNMENT IN THE INSTRUCTION CACHE

Instruction "objects' (basic blocks) occupy cache blocksjust as do data records, and the same considerations of
block-crossing and dignment apply to ingtructions. Aligning the beginning of frequently executed basic blockson
multiple-of-B boundaries increases the number of basic blocks that fit smultaneoudy in theingtruction cache.

Infrequently executed instructions should not be placed on the same cache blocks as frequently executed instructions.
Congder the program

P;
if Xx then Q
R

where x israrely true. We could generate code for it in either of the ways shown in Figure 21.4; but placing Q
out-of-line means that this series of statements (usualy) occupies two cache blocks, but placing Q straddling cache
blocks between P and Rwill mean that even in the common case, where Q is not executed, this part of the program
will occupy three blocksin the cache.



1.2
P P Q
o L1
T & pedo L L il % goto L2
L R
Ll
R

aj ik

Figure 21.4: If x israrely true, basic-block placement (&) will occupy three in-cache blocks, while (b) will usualy
occupy only two.

On some machinesit is particularly important to align the target of abranch ingtruction on a power-of-2 boundary. A
modern processor fetches an aligned block of k (2 or 4 or more) words. If the program branches to some address
that is not on amultiple-of-k boundary, then the ingtruction-fetch is not fetching k useful ingtructions.

An optimizing compiler should have a basi c-block-ordering phase, after ingtruction selection and register alocation.
Trace scheduling (as described in Section 8.2) can then be used to order afrequently executed path through a
contiguous set of cache blocks; in congtructing atrace through aconditional branch, it isimportant to follow the
mogt-likely-taken out-edge, as determined by branch prediction (as described in Section 20.3).
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21.3 PREFETCHING

If aload instruction missesthe primary (or secondary) cache, there will be a7-10 cycle delay (or a70-100 cycle
delay, respectively) while the datum isfetched from the next level of the memory hierarchy. In some cases, the need
for that datum is predictable many cycles earlier, and the compiler can insert prefetch ingructionsto sart the fetching
elier.

A prefetch ingruction isahint to the hardware to start bringing dataat address x from main memory into the cache.
A prefetch never stdls the processor - but on the other hand, if the hardware finds that some exceptional condition
(such asapage fault) would occur, the prefetch can be ignored. When prefetch(x) is successful, it meansthat the
next load from x will hit the cache; an unsuccessful prefetch might cause the next load to missthe cache, but the
program will still execute correctly. Many machines now have some form of prefetch ingtruction.

Of course, one reasonable dternative is- instead of starting the fetch earlier - to just delay the instruction that uses
the result of the fetch until later, using the software-pipelining techniques described in Chapter 20. In fact, processors
that dynamicaly reorder instructions (to account for operands not ready) achieve this effect without any specid work
by the compiler.

The problem with using software pipelining or dynamic rescheduling to hide secondary-cache missesisthat it
increases the number of live temporaries. Consider the following dot-product loop as an example:

L1: x Mi]
y Mil
z X Xy
S S + z
i i + 4
] +4
i

f i < Ngoto L1

If thedatafor the i and j arraysare not in the primary cache, or if N islarge (> 8 kilobytes or so) so that the arrays
cannot possibly fit in the cache, then each time i or | crossesto anew multiple-of-B boundary (into anew cache
block), there will be acache miss. In effect, the missrate will be exactly W/B, where Wistheword size and Bisthe

I i
block size. Typicd vauesfor WIiB are 4 or .., and thisisarather high missrate.

The pendty for aprimary cache missis perhaps 7 cycles, or (on a dua-instruction-issue-per-cycle machine) 14
ingtructions. Thiswould stal the processor of an early-'90s machinefor 14 instructions, but a good late-'90s machine
with out-of-order execution will find some other instruction to execute that is not data-dependent on the load.

The effective order of execution, on adynamic-ingtruction-reordering machine, isshownin Figure 21.5a. When x1 M
[i0] isfetched thereis a cache miss, so instructions data-dependent on x1 cannot be issued for 11 cycles. Inthe
meantime, i1 and j1, and even i2 and j 2 can be computed; and the fetch x2 M[i1] can be issued.
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Figure 21.5: Execution of adot-product loop, with 4-word cache blocks.

(a) Without prefetching, on amachine with dynamic instruction reordering, the number of outstanding ingtructions
(reserved registers) grows proportionaly to the cache-misslatency.

(b) With prefetching, the hardware reservation table never grows large. (Steady-state behavior is shown here, not the
initid trandent.)

As the number of uncompleted loop iterations increases, the number of live or reserved registersincreases
proportionately. The cache missesfor x2, x3, x4 are the same missasfor x1 becausethey aredl in the same
cache block, so x1, x2, x3, x4 al become available a about the same time. Iterations 5-8 (which use the next cache
block) would be dynamically scheduled like iterations 1-4, and so on.

The primary-cachelatency, illustrated here, is usudly smal enough to handle without prefetching techniques. But with
asecondary cache-miss|latency of 200 ingtructions (i.e., 29 loop iterations), there will be about 116 outstanding
ingtructions (computations of X, y, z, swaiting for the cache miss), which may exceed the capacity of the machine's
Instruction-issue hardware.

Prefetch instructions Suppose the compiler inserts a prefetch ingtruction for address a, in advance of thetime a
will befetched. Thisisahint to the computer that it should sart transferring a from main memory into the cache.
Then, when aisfetched afew cycleslater by an ordinary load instruction, it will hit the cache and there will be no
deay.

Many machines don't have a prefetch ingtruction as such, but many machines do have a nonblocking load ingtruction.
That is, when r3 M[r7] is performed, the processor does not stall even on acache miss, until r3isused asan
operand of some other instruction. If we want to prefetch address a, we can just do rt M[a], and then never use
the value of rt . Thiswill start theload, bringing the value into cache if necessary, but not delay any other ingtruction.
Later, when wefetch M[a] again, it will hit the cache. Of course, if the computation was aready memory-bound -
fully utilizing the |oad/store unit while the arithmetic units are often idle - then prefetching using ordinary load
ingructions may not help.

If the computation accesses every word of an array sequentiadly, it uses severa words from each cache block. Then



we don't need to prefetch every word - just one word per cache block is enough. Assuming a4-byte word and
16-byte cache block, the dot-product loop with prefetching looks something like this:

L1 : if i nod 16 = 0 then prefetch Mi + K]

if j nmod 16 = 0 then prefetch Mj + K]
x  Mi]

y Mij]

z X x Yy

S s+ 2

i i + 4

j j +4

i

Thevaue K is chosen to match the expected cache-miss latency. For a secondary-cache-miss latency of 200
Ingtructions, when each loop iteration executes 7 instructions and advances i by 4, we would use K = 200-4/7
rounded up to the nearest multiple of the block size, that is, about 128. Figure 21.5b uses prefetching to "hide" a
cachelatency of 11 ingtructions, so K = 16, the block size. An additiond improvement that may be helpful on some
meachines, when K issmall, isto avoid overlapping the prefetch latencies so the memory hardware needn't process
two misses Smultaneoudly.

In practice, we don't want to test i mod 16 = 0 in each iteration, so we unroll the loop, or nest aloop within aloop,
asshown in Program 21.6. Theloop-unrolled version on the left could be further improved - in ways unrelated to
prefetching - by removing some of the intermediate if statements, as described in Section 18.5.

PROGRAM 21.6: Inserting prefetches using loop unrolling or nested loops.

prefetch Mi + K] L1: n i + 16

prefetch Mj + K] if n+ K Ngoto L3
X Mi] prefetch Mi + K]

y Mij] prefetch Mj + K]
z X xYy L2 : x Mi]

s s +z y Mil

i i + 4 z X XYy

i j + 4 S S + 2

if i N goto L2 i i + 4

X Mi] j j + 4

y Mij] if i <ngoto L2
zZ X xYy goto L1

S S +1z L3: x Mi]

i 0o+ 4 y Mi]

i j + 4 z X XYy

if i N goto L2 S S+ 1z

X Mi] [ i+ 4

y Mil i i +4

Z X xYy if i <ngoto L3
S S+ z

i i + 4

i j + 4

if i Nagoto L2

x  Mi]

y Mijl

Z X xYy

S S+ z

i i + 4

i j+4

i

f i <ngoto L1

L2 :



Prefetching for stores Sometimes we can predict at compiletimethat a store ingruction will missthe cache.

Congder thefollowing loop:
fori —0to N — |
Ali] «— i

If thearray A islarger than the cache, or if A has not recently been accessed, then each time i crossesinto anew
cache block there will be awrite miss. If thewrite-miss policy is write-validate, then thisisno problem, asthe
processor will not be staled and all the marked-invalid wordswill be quickly overwritten with valid data. If the policy
isfetch-on-write, then the stals at each new cache block will significantly dow down the program. But prefetching

can beused here;
fori —0toe N =1

if i mod Mocksize = 0 then prefetch Alf 4+ K
Ali] < i

Asusud, unrolling the loop will removethe if-test. The A[i + K] vauethat's prefetched will contain garbage - dead
datathat we know will be overwritten. We perform the prefetch only to avoid the write-miss stall.

If thewrite-miss palicy is write-around, then we should prefetch only if we expect the A[i] valuesto be fetched soon
after they are stored.

Summary Prefetching is applicable when

The machine has aprefetch ingtruction, or a nonblocking load instruction that can be used as a prefetch;

The machine does not dynamicaly reorder ingtructions, or the dynamic re-order buffer issmaller than the
particular cache latency that we desire to hide; and

The datain question is larger than the cache, or not expected to be dready in cache.

Wewill not describe the algorithm for inserting prefetch instructionsin loops, but see the Further Reading section.
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21.4LOOP INTERCHANGE

The most fundamenta way of using the cache effectively isthe reuse of cached data. When nested |oops access
memory, successive iterations of aloop often reuse the same word, or use adjacent words that occupy the same
cacheblock. If it isthe innermost loop whose iterations reuse the same va ues, then there will be many cache hits.
But if one of the outer loops reuses a cache block, it may be that execution of the inner loop stomps through the
cache s0 heavily that by the time the next outer-loop iteration executes, the cache block will have been flushed.

Congder the following nested loops, for example.

for i 0to N- 1
for j 0to M- 1
for k 0toP-1
Ali, j, k| (B[i, j -1, kI + B[i, j, k] +B[i, j +1, k])/3

ThevdueBi, j + 1, k] isreused inthe next iteration of the j loop (whereits"name" is Bi, j, k]), and thenisreused
aganintheiteration after that. But in the meantime, the k loop brings 3P dements of the B array, and P dements of
the A array, through the cache. Some of these words may very well conflict with Bi, j + 1, k], causng acache miss
the next timeit isfetched.

Thesolution in thiscaseisto interchange the j and k loops, putting the j loop innermost:

for i 0to N-1
for k 0toP-1
for j 0to M- 1
Ali, j, K] (B[i, j -1, k] + B[i, j, k] + B[i, j +1, k])/3

Now BIi, j, k] will dwaysbeacache hit, and sowill Bi, | 1, k].

To see whether interchangeislega for agiven pair of loops, we must examine the data-dependence graph of the
cdculation. We say that iteration (j, k) depends oniteration (j , k) if (j , k) computes values that are used by (], k)
(read-after-write), or stores valuesthat are overwritten by (j, k) (write-after-write), or reads valuesthat are
overwritten (write-after-read). If the interchanged loops execute (j , k) before (j, k), and there is a dependence,
then the computation may yield adifferent result, and the interchangeisillegd.

In the example shown above, thereis no dependence between any iterations of the nested loops, so interchangeis

legd.

See the Further Reading section for adiscussion of the andlysis of dependence relations for array accessesin nested
loops.
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21.5BLOCKING

Thetechnique of blocking reorders a computation so that all the computations that use one portion of the data are
completed before moving on to the next portion. The following nested loop for matrix multiplication, C = AB,
illustrates the need for blocking:

for i 0to N-1
for |j 0to N-1
for k 0to N- 1

qi, j] qi, j] + Ali, k] - B[k, j]

If both A and B fit into the cache s multaneoudy, then the k loop will run without cache misses; and there may be only
one cachemissfor CJ[i, j] on each iteration of the j loop.

But suppose the cacheislarge enough to hold only 2 - ¢ - N matrix € ements (floating-point numbers), where1 < ¢ <
N. For example, multiplying 50 x 50 matrices of 8-byte floats on amachine with an 8-kilobyte cache, ¢ = 10. Then
every referenceto Bk, j] in theinner loop will be a cache miss, because - sincethelast timethat particular cell of
B was accessed - the entire B matrix will have been marched through the cache, dumping out the "old" vaues. Thus,
each iteration of theinner loop will have acache miss.

L oop interchange cannot help here, becauseif the | loop is outermost, then A will suffer cache misses, and if the k
loop is outermogt, then C will suffer misses.

The solution isto reuse rows of the A matrix and columns of the B matrix while they are dtill in cache. A ¢ x ¢ block
of thematrix C can be caculated from c rows of A and ¢ columnsof B, asfollows (seealso Figure 21.7):

for i i0otoi0o+c -1
for j jotojo+c -1
for k 0to N-1
qi, i1 ai, i1 + Al K - Bk, j]
A B C

Figure 21.7: Matrix multiplication. Each dement of C iscomputed from arow of A and acolumn of B. With
blocking, ac x ¢ block of the C matrix iscomputed fromac x N block of AandaN x ¢ block of B.

Only ¢ - N dementsof Aand ¢ - N dementsof B are used in thisloop, and each element is used c times. Thus, a a
cost of 2 - ¢ - N cache missesto bring this portion of A and B into cache, we are able to compute ¢ - ¢ - N iterations
of theinner loop, for amissrate of 2/c misses per iteration.

All that remainsisto nest this set of loopsinside outer loopsthat compute each ¢ x ¢ block of C:

for i0 O0Oto N- 1byc



for jO O to N- 1 by c

for i i0otonmn(io+c -1, N- 1)
for j joOtomn(jo+c -1, N- 1)
for k 0toN-1
qi, i1 qi, j1 + Ali, k- Bk, ]

Thisoptimization iscaled blocking because it computes one block of the iteration space a atime. There are many
nested-loop programs on which an optimizing compiler can automatically perform the blocking transformation.
Crucid to the Stuation are loops whose iterations are not data-dependent on each other; in matrix multiplication, the
cdculaion of CJi, j] doesnot depend on CJi, j ], for example.

Scalar replacement Even though the accessto Cfi, j] in the matrix-multiply program will amost dwayshit the
cache (since the same word is being used repeatedly in the k loop), we can il bring it up oneleve in the memory
hierarchy - from primary cacheinto registers! - by the scalar replacement optimization. That is, when aparticular
array dement isused asascaar for repeated computations, we can "cache'” it in aregister:

for i iotoi0+c -1
for j joOtojo+c - 1
s gi, |
for k 0to N- 1
s s+ Ali, k] - B[k, j]
qi, i1 s

This reduces the number of fetches and storesin the innermost loop by afactor of 2.

Blocking at every leve of the memory hierarchy To do blocking optimizations, the compiler must know how big
the cacheis- this determinesthe best value of ¢, the block size. If there are severd levels of the memory hierarchy,
then blocking can be done at each level. Even the machine's registers should be considered asaleve of the memory

hierarchy.

Taking again the example of matrix multiply, we suppose there are 32 floating-point registers, and we want to use d
of them asakind of cache. We can rewrite the ¢ x ¢ loop (of the blocked matrix multiply) asfollows:

for i iotoi0+c- 1
for kO 0O to N- 1 by d

for k kO to kO + d - 1
Tk - kO] Ali, K]

for j jotojo+c -1
s i, il
for k kO to kO + d - 1

s s+ Tk - k0] - B[k, j]

qi, i1 s

Unroll and jam Loop unrolling must be used for register-level blocking, since registers cannot be indexed by
subscripts. So we unroll the k-loops d times and keep each T[k] in aseparate scalar temporary variable (for
illugtration, wewill use d = 3, though d = 25 would be more redigtic):

for i iotoi0o+c- 1
for kO O to N- 1 by 3



to Ali, koJ; t1 A, ko + 1]; t2 A, ko + 2]
for j joOtojOo+c¢c -1
qi, j] i, j] +to - Bko, j] +t1 - B[kO + 1, j] +t2 .- B[kO + 2, |]

Theregister dlocator will ensure, of course, that the tk are kept in registers. Every value of A[i, k] fetched from the
cacheisused c times, the B values till need to be fetched, so the number of memory accessesin the inner loop goes
down by dmost afactor of two.

A high-tech compiler would perform - on the same loop! - blocking transformations for the primary cache and for the
secondary cache, and scalar replacement and unroll-and-jam for the register level of the memory hierarchy.
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21.6 GARBAGE COLLECTION & THE
MEMORY HIERARCHY

Garbage-collected systems have had the reputation as cache-thrashers with bad cache locdlity: After dl, it would
appear that a garbage collection touches al of memory in random-access fashion.

But agarbage collector isredly akind of memory manager, and we can organize it to manage memory for improved
locality of reference.

Generations. When generationa copying garbage collection is used, the youngest generation (all ocation space)
should be made to fit insde the secondary cache. Then each memory alocation will be acache hit, and each
youngest-generation garbage collection will operate dmost entirely within the cache aswell - only the objects
promoted to another generation may cause cache-write misses. (Kegping the youngest generation insde the primary
cacheisimpractica, sncethat cacheis usualy so smal that too-frequent garbage collections would be required.)

Sequential allocation: With copying collection, new objects are dlocated from alarge contiguous free space,
sequentially in order of address. The sequential pattern of storesto initialize these objectsis easy for most modern
write-buffersto handle.

Few conflicts: The most frequently referenced objects tend to be the newer ones. With sequentia alocation of
objectsin the youngest generations, the keys of these newer objects (in adirect-mapped cache) will bedl different.
Consequently, garbage-collected programs have significantly lower conflict-miss rates than programs that use explicit
freaing.

Prefetching for allocation: The sequentid initiaizing stores cause cache-write misses (in the primary cache, which
ismuch smdller than the alocation space) at the rate of one miss per B/W stores, where B is the cache block size and
W istheword size. On most modern machines (those with write-vaidate cache policies) these misses are not costly,
because a write miss does not cause the processor to wait for any data. But on some machines (those with
fetch-on-write or write-around policies) awrite missis costly. One solution isto prefetch the block well in advance
of goring into it. This does not require analysis of any loopsin the program (like the technique shown in Section 21.3)
- instead, as the allocator creates anew object at address a, it prefetchesword a + K. Thevaue K isrdated to the
cache-misslatency and a so the frequency of alocation versus other computation, but avaue of K = 100 should
work well inamog al circumstances.

Grouping related objects: If object x pointsto object y, an algorithm that accesses x will likely access y soon, soit
Is profitable to put the two objectsin the same block. A copying collector using depth-first search to traverse thelive
datawill automatically tend to put related objects together; a collector using breadth-first search will not. Copyingin
depth-first order improves cache performance - but only if the cache blocks are larger than the objects.

These cache-locdity improvement techniques are dl gpplicableto copying collection. Mark-and-sweep collectors,
which cannot move the live objects, are less amenable to cache management; but see the Further Reading section.
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FURTHER READING

Sites[1992] discusses saverd kinds of ingtruction- and data-cache aignment optimizations. Efficient gpproximation
agorithmsfor the traveling salesman problem (TSP) can be gpplied to basic-block ordering, to minimizethe
ingtruction-fetch penalties for branches[Y oung et d. 1997].

Mowry et d. [1992] describe an dgorithm for insarting prefetch ingtructionsin for -loops, taking care not to insert
prefetches (which do, after dl, have an ingtruction-issue cost) where the datain question islikely to bein cache

dready.

The Lisp Machine's garbage collector used depth-first search to group related objects on the same page to minimize
page faults [Moon 1984]. Koopman et a. [1992] describe prefetching for agarbage-collected system. Diwan et dl.
[1994], Reinhold [1994], and Gonc, alves and Appel [1995] analyze the cache locality of programsthat use copying
garbage collection. For mark-sweep collectors, Boehm et a. [1991] suggest that (to improve page-level locality)
new objects should not be alocated into mostly full pages containing old objects, and that the sweep phase should be
done incrementaly so that pages and cache blocks are "touched” by the sweep just before they are allocated by the

program.

The techniquesfor optimizing the memory locdity of programswith nested loops have much in common with
techniquesfor pardldizing loops. For example, in apardld implementation of matrix multiplication, having each
processor compute one row of the C matrix requires that processor to have N2 dementsof A and N dementsof B,
or O(N2) words of interprocessor communication. Instead, each processor should compute one block of C (where

words of communication. Many of the compilersthat use blocking and loop-nest optimizationsto generate the most
memory-efficient code for uniprocessors are paralelizing compilers - with the parallelization turned off!

To generate good paralel code - or to perform many of the loop optimizations described in this chapter, such as
blocking and interchange - it's necessary to analyze how array accesses are data-dependent on each other. Array
dependence andlysisis beyond the scope of thisbook, but is covered well by Wolfe [1996].

Callahan et d. [1990] show how to do scaar replacement; Carr and Kennedy [1994] show how to calculate the
right amount of unroll-and-jam for aloop based on the characteristics of the target machine.

Wolf and Lam [1991] describe acompiler optimization agorithm that uses blocking, tiling (like blocking but where
thetiles can be skewed instead of rectangular), and loop interchange to achieve locdlity improvements on many kinds
of nested loops.

The textbook by Wolfe[1996] coversamost al the techniques described in this chapter, with particular emphasison
autométic pardldization but aso with some trestment of improving memory locdlity.
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EXERCISES

Team-Fly

*21.1 Writeaprogram in C for multiplying 1000x1000 double-precision floating-point matrices. Run it on
your machine and measure thetime it takes.

a.

Find out the number of floating-point registers on your machine, the size of the primary cache, and the
size of the secondary cache.

Write amatrix-multiply program that uses blocking transformations at the secondary cache leve only.
Measureitsrun time.

Modify your program to optimize on both levels of the cache; measureitsruntime.

Modify the program again to optimize over both levels of the cache and use regigtersviaunroll-and-jam;
view the output of the C compiler to verify that the register dlocator is keeping your temporary variables
in floating-point registers. Messure the run time.

*21.2 Writeaprogram in C for multiplying 1000 x 1000 double-precision floating-point matrices. Usethe C
compiler to print out assembly language for your loop. If your machine has a prefetch instruction, or a
nongtalling load instruction that can serve as a prefetch, insert prefetch instructions to hide secondary-cache
misses. Show what cal culations you made to take account of the cache-misslatency. How much faster is
your program with prefetching?
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Appendix A: MiniJava L anguage
Reference Manual

MiniJavaisasubsat of Java. The meaning of aMiniJavaprogram isgiven by its meaning as a Java program.
Overloading is not dlowed in MiniJava. The MiniJava statement System.out.printin( ); can only print integers. The
MiniJava expression elength only appliesto expressons of typeintf].

A.1LEXICAL ISSUES

Identifiers. Anidentifier isasequence of letters, digits, and underscores, starting with aletter. Uppercase letters
are distinguished from lowercase. In this gppendix the symbol id standsfor an identifier.

Integer literals: A sequence of decimd digitsisan integer constant that denotes the corresponding integer value.
In this appendix the symbol INTEGER_LITERAL standsfor an integer constant.

Binary operators. A binary operator isone of

&& < + - *
In this appendix the symbol op stands for abinary operator.

Comments. A comment may appear between any two tokens. There are two forms of comments. One sartswith
*, endswith */, and may be nested; another beginswith // and goesto the end of theline.
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A.2 GRAMMAR

In the MiniJava grammar, we use the notation N*, where N isanontermina, to mean O, 1, or more repetitions of N.
GRAMMARA .2

ogram  Mai nC ass d assDecl *
InCtass class id { public static void main ( String [] id)
{ Statenent }}
d assDecl class id { VarDecl * MethodDecl * }
class id extends id { VarDecl* MethodDecl * }
Var Decl Type id ;
Met hodDecl public Type id ( FormalList )
{ VarDecl * Statenment* return Exp ;}
For mal Li st Type id Formal Rest *

Formal Rest |, Type id
Type int []
bool ean
i nt
id

St at enment { Statenent* }
if ( Exp ) Statenent else Statenent
while ( Exp ) Statenent
Systemout.println ( Exp )
id = Exp ;
id [ Exp ]= Exp ;
Exp Exp op Exp

Exp [ Exp ]
Exp . length
Exp . id ( ExpList )
| NTEGER LI TERAL
true
fal se
id
this
newint [ Exp ]
new id ()
I Exp
( Exp)

ExpLi st Exp ExpRest *

ExpRest Exp
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A.3 SAMPLE PROGRAM

class Factorial {
public static void main(String[] a) {
System out. printl n(new Fac(). Conput eFac(10));
}

}

class Fac {
public int ConputeFac(int num {
i nt num aux;
if (num< 1)
num aux = 1;
el se
num aux = num* (this. ConputeFac(nunm1l));
return num aux;
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abstract datatype, 5

abstract syntax, see syntax, abstract
accesslink, see gdticlink

activation record, 6, 116-125

Ada, 336, 348, 349

addressing mode, 183, 188

ADT, see abstract datatype
Aiken-Nicolau agorithm, 444-448, 459
dies

andyss, 357, 369-374, 392

in coalescing register dloceation, 234
dignment, see cachedignment
dloca, 197

dlocaion

of activation records, 116, 118, 156
of arrays and records, 151

of hesp data, 275

register, see regider dlocation

aphabet, 18
ambiguous grammar, see grammar
andyds

dataflow, see dataflow andyss

liveness, see liveness

antidependence, see dependence, write-after-read
gpproximetion

dataflow analysis, 209, 212, 352

in garbage collection, 257

of spill effect, 220

of drictness, 331

argument, see parameter

aray, 144, 146, 151

bounds check, 148, 391-395

Assem module, 191

asociativity, see right-associative, |eft-associative, nonassociative
attribute grammar, 12

available expressons, 356
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Baker'sdgorithm, 274

basic block, 170, 172, 361, 365, 382

beta reduction, see inlineexpanson

binding, 103-110, see also precedence in type environment, 111
blacklist, 281

block structure, see function, nested blocking, 477-480, 482
branch prediction, 456-459

buffered input, 33

bypass datapaths, 442, 444
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C programming language
linkingto, 153
writing compiler for, 18, 90, 116, 117

122, 130, 139, 144-146, 150, 151, 197, 322, 369, 371, 374, 377
C++, 291, 336, 369

cache, 464 467

ahgnment 468-470

and garbage collection, 267, 480-481
cache dignment, 481

CALL, 162, 163, 168

cdl

by name, 322

by need, 323

by reference, 123, 124

calee-save, see regider, cdlee-save
caler-save, see regider, cdler-save
Canon module, 163

canonicd tree, see intermediate representation, canonica
card marking, 270

CISC, 180, 187-190, 459

class descriptor, 285-289, 292-297
clasdesslanguage, 293

cloning, 293

closure

converson, 316-317, 320

function, 301, 303, 331

Kleene, 19, 39

of LR state, 60, 63

codescing, 223-240 223-240, 245, 320, 360
consarvetive, 223

of SSA variables, 428

code generation, see ingruction sglection
code-generator generator, 185
Codegen module, 196

coercion, 290

coloring, see grgph coloring

comma operator, See express on sequence common-subexpression eimination, 356, 359
commute, 164, 166-174

complex ingtruction s&t, see CISC
compuiter, see CISC and RISC
conditiond jump, 140, 149, 162, 169
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conditional move, 454

conflict

in predictive parser, 46

reduce-reduce, 68, 75

resolution of, 72-75

shift-reduce, 62, 67, 68, 72, 74

conservative gpproximation, see goproximation
condant folding, 419

congtant propagation, 356, 418-419
conditiond, 419-422

condraint, functiona-unit, 441, 443
constructor, 8

continuation, 304, 332

continuation-passing style, 435

control dependence, 425-426

graph, 426

control flow, 170, see also flow graph
control-flow graph, see flow graph

coordinated induction variable, 388-392

copy propagation, 359, 419, see also codesting
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dangling else, 68

dangling reference, 122

datatype, abstract, see abstract datatype

dataflow, see also liveness, reaching definitions, available expressons, etc.
andysis, 6

bit vector, 361

iteration, see iteration dgorithms
work-ligt algorithms, 363

dead State, 23

def (of variable), 205

def-use chain, 399, 438

deforestation, 327-328

dependence

control, see control dependence

data, 423, 442, 476

loop-carried, 445

memory and array, 423-425, 445
read-after-write, see dependence, data
write-after-read, 423, 441, 476
write-after-write, 423, 441, 476
depth-first search

for dataflow andysis, 207, 209, 362, 363
garbage collection, 257, 268, 279
spanning tree, 410-411

derivation, 41

descriptor

class, 276, 285-289, 292-297

level, 155

record, 276, 278

DFA, see finiteautomaton

display, 134

classhierarchy, 290, 295, 296
dominance frontier, 404, 436
dominance property, see datic sngle-assgnment form
dominator, 379-382, 384, 392-395, 436
efficient caculation of, 410-416, 434
dynamic programming

for ingtruction selection, 182-186

for regigter dlocation, 241-244

dynamic scheduling, see out-of-order execution




edge solitting, 408

edge-split SSA, see datic Sngle-assgnment form
else, dangling, 68

emisson

iningtruction selection phase, 183, 185

of assembly code, 5, 6, 198, 244

end-of-file marker, 45

environment, 11, 103-111, 115, 284, 301, 317
functiond, 107

imperative, 106

multiple, 105

equationd reasoning, 298-302, 306, 321, 430
error message, 91

error recovery, 53

escape, 124, 302, 321, 332, see also FindEscape
ESEQ, 162-169

expression sequence, see also ESEQ
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finite automaton, 18, 21-30
determinidtic, 22

minimization, 36

nondeterministic, 24

converting to DFA, 27

FIRST st, 47-52, 63

fixed point, 48, 206, 357, 374
least, 209, 218, 368, 41

Flex, 34

flow graph, 203

reducible, 377

flow, data, see dataflow
FlowGraph module, 215
FOLLOW s, 48-50, 52, 54, 62
forward reference, see recurson, mutua
forwarding, 265-268
fragmentation, 261

frame, see activation record
Frame module, 127, 251

on Pentium, 188

freeze, 224, 233, 239

function

dead, 312

higher-order, 117, 298

integration, see inline expanson

lesf, 122

nested, 117-118, 124-126, 131, 135, 155, 298, 301-302, 369
functiond intermediate form, 430-435

functional programming, 12, 104, 298-334, see also Sde effect
impure, 299-301

pure, 302-308

symbal tables, 107-108

functiond unit, 441, 442

multiple, 442
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garbage collection, 151, 257-282, 321, 333
and cache, 267, 480-481
Baker'sagorithm, 274

compiler interface, 275-278

concurrent, 272

consarvetive, 281

copying, 264-269

cost, 259, 264, 268, 271, 275

incrementdl, 272-275

mark-sweep, 257-262

reference counts, 262-264

generic, 336, 348

Generic Java, 336

GJ, 336

grammar, 5, 40-45, see also syntax
atribute, 12

factoring, 53

for intermediate representation, 7-9
for parser generator, 89

hierarchy of classes, 66

LALR, 66, 67

LL(1), 51

of raight-line programs, 7

to specify instruction set, 183-186
transformations, 51, 88, 90
unambiguous, 51

graph

coloring, 219-223, 250, 286, 360
optimidtic, 221

with codlescing, 223-240, 245, 320
work-ligt dgorithm, 232-240
interference, see interference graph
Graph module, 214

graph, flow, see flow graph
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halting problem, 351, 374
hash table, 106, 114
hazard, 441, see also condraint, functiona unit
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IBM 360/91, 455

induction variable, 385-391
coordinated, 388, 390, 392

linear, 387

inheritance, 283, 284

multiple, 286

single, 285, 294, 295
inlineexpanson, 276, 308-316, 332, 431
ingtanceof, 12, 93

indtantiation of variable, 116
indruction

fetch, 456, 470

Instr representation of, 191
pipeline, see pipdine

resource usage of, 442

sdection of, 6, 176-202
Sdeéeffect of, 188, 196
three-address, 188

two-address, 188, 193
variable-length, 188

ingtruction set, see CISC and RISC
ingruction-level pardlelism, 440
Intel, see Pentium

interfaces, 5

interference graph, 212-232, 244
condruction of, 213, 216-217, 236
for SSA form, 429

from SSA form, 429, 438
intermediate representation, 6, 137-139, seealso Tree
canonical, 162-169

functiond, 430-435

interpreter, 91

invariant, see loop invariant

IR, see intermediate representation
item

LR(0), 59

LR(1), 63

iteration algorithms

dissandyss, 372

dominators, 379

-closure, 28

efficient, 360-364




first and follow sets, 48

invention of, 374

livenessandyss, 206-207

LR parser congtruction, 60

minimization of finite autometa, 36

reaching definitions, 355

iterative modulo scheduling, see modulo scheduling
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Java, 336

writing compilerin, 3, 9-11, 91
JavaCC, 7, 68-89

JavaCC parser generator, 89
Jouette, 176-180, 192-195
Schizo, 184
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Kleene closure, 19, 39
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label, 131

lambda.caculus, 430

lambda-calculus, 331

landing pad, 435

|attice, 420

lazy evaluation, 321-327, 435

lesf function, 122

|eft-associ tive operator, 73, 74
|eft-factoring, 53

|eft-recursion, 51

Lengauer-Tarjan algorithm, 410-416, 434, see also dominator
Lex, 6,33

lexicd andyzer, 6, 16-37, 93

lexical scope, see function, nested

Lisp, 348

liverange, 203, 213

live-in, 205

live-out, 205

liveness, 6, 203-218, 236, 358, 360, 363, 365, 367, 368
in SSA form, 429

of hesp data, 257

LL(K), see parser, LL(K)

locdl varigble, 116

locdlity of reference, see cache lookahead, 37
loop, 376

header, 376, 381-382

inner, 381

interchange, 476-477

invariant, 314, 326, 382, 384-389, 3938
netural, 381-382

nested, 382

postbody, see postbody node
scheduling, 444-456

unrolling, 395, 444, 474

LR(k), see parser, LR(K)

|-value, 145-147
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out-of -order execution, 455, 471

output dependence, see dependence, write-after-write
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subdtitution, 311
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type-checking, 113
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dynamic programming, 185
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predictive, 46-55
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recursive-descent, 45-47, 50-55, 86
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pattern, see tile
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-function, 400

pipeline, 442

software, see scheduling
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reversal, 260

polymorphism, 336
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position in source code, 91
postbody node, 396, 397, 403, 435
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precedence directive, 72-75
predicated execution, 454
prediction, see branch prediction
predictive parser, see parser
prefetching, 470-475, 480, 481

preprocessor, 17
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reachable data, 257
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reaching expressions, 358
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mutudl, 90
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recursive descent, see parser
red-black tree, 108

reduce-reduce conflict, see conflict
reduced instruction set, see RISC
reducible flow graph, 377
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reference parameter, see cdl by reference
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regular expresson, 18-21, 33
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template, 336
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tile, 176-190, 194, 241-243
cost, 182

optimum vs. optimal, 179

tools, compiler generation, 5, 185
trace, 171-173
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Trandate module, 140

tree

canonica, see intermediate representation, canonical
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intermedi ate representation, 6
parse, see parsetree

pattern, see tile

pattern matching, 186
red-black, 108
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search, see search tree
Treeintermediate represention, 137-139, 250
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unique successor or predecessor property, 428
unreachable code, 394, 419

unroll and jam, 479, 482

unrolling, see loop unralling use (of varigble), 205
use-def chain, 438

factored, 434
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expressed as amutua recursion between LiveOutAtBlock, LivelnAtStatement, and LiveOutAtStatement. The
recursion is bounded whenever LiveOutAtBlock finds an aready walked block, or whenever LiveOutAtStatement
reaches the definition of v. PROGRAM 19.19: SSA program of Figure 19.4g converted to functional intermediate




form. ALGORITHM 19.20: Trandating SSA to functiona intermediate form.

Chapter 20: Pipelining and Scheduling

PROGRAM 20.4: (a) A for-loop to be software-pipelined. (b) After a scalar-replacement optimization (in the
deHnition of a); and scdar variables |abeled with their iteration-number. GRAPH 20.5: Data-dependence graph for
Program 20.4b: (a) origina graph, in which solid edges are same-iteration dependences and dotted edges are
loop-carried dependences; (b) acyclic dependences of the unrolled loop. ALGORITHM 20.9: Iterative modulo
scheduling.

Chapter 21: The Memory Hierarchy

PROGRAM 21.6: Inserting prefetches using loop unrolling or nested loops.
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