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Preface

In the time since the 1986 edition of this book, the world of compiler design
has changed significantly. Programming languages have evolved to present new
compilation problems. Computer architectures offer a variety of resources of
which the compiler designer must take advantage. Perhaps most interestingly,
the venerable technology of code optimization has found use outside compilers.
It is now used in tools that find bugs in software, and most importantly, find
security holes in existing code. And much of the “front-end” technology —
grammars, regular expressions, parsers, and syntax-directed translators — are
still in wide use.

Thus, our philosophy from previous versions of the book has not changed.
We recognize that few readers will build, or even maintain, a compiler for a
major programming language. Yet the models, theory, and algorithms associ-
ated with a compiler can be applied to a wide range of problems in software
design and software development. We therefore emphasize problems that are
most commonly encountered in designing a language processor, regardless of
the source language or target machine.

Use of the Book

It takes at least two quarters or even two semesters to cover all or most of the
material in this book. It is common to cover the first half in an undergraduate
course and the second half of the book — stressing code optimization — in
a second course at the graduate or mezzanine level. Here is an outline of the
chapters:

Chapter 1 contains motivational material and also presents some background
issues in computer architecture and programming-language principles.

Chapter 2 develops a miniature compiler and introduces many of the impor-
tant concepts, which are then developed in later chapters. The compiler itself
appears in the appendix.

Chapter 3 covers lexical analysis, regular expressions, finite-state machines, and
scanner-generator tools. This material is fundamental to text-processing of all
sorts.
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Chapter 4 covers the major parsing methods, top-down (recursive-descent, LL)
and bottom-up (LR and its variants).

Chapter 5 introduces the principal ideas in syntax-directed definitions and
syntax-directed translations.

Chapter 6 takes the theory of Chapter 5 and shows how to use it to generate
intermediate code for a typical programming language.

Chapter 7 covers run-time environments, especially management of the run-time
stack and garbage collection.

Chapter 8 is on object-code generation. It covers construction of basic blocks,
generation of code from expressions and basic blocks, and register-allocation
techniques.

Chapter 9 introduces the technology of code optimization, including flow graphs,
data-flow frameworks, and iterative algorithms for solving these frameworks.

Chapter 10 covers instruction-level optimization. The emphasis is on the ex-
traction of parallelism from small sequences of instructions and scheduling them
on single processors that can do more than one thing at once.

Chapter 11 talks about larger-scale parallelism detection and exploitation. Here,
the emphasis is on numeric codes that have many tight loops that range over
multidimensional arrays.

Chapter 12 is on interprocedural analysis. It covers pointer analysis, aliasing,
and data-flow analysis that takes into account the sequence of procedure calls
that reach a given point in the code.

Courses from material in this book have been taught at Columbia, Harvard,
and Stanford. At Columbia, a senior/first-year graduate course on program-
ming languages and translators has been regularly offered using material from
the first eight chapters. A highlight of this course is a semester-long project
in which students work in small teams to create and implement a little lan-
guage of their own design. The student-created languages have covered diverse
application domains including quantum computation, music synthesis, com-
puter graphics, gaming, matrix operations and many other areas. Students use
compiler-component generators such as ANTLR, Lex, and Yacc and the syntax-
directed translation techniques discussed in chapters two and five to build their
compilers. A follow-on graduate course has focused on material in Chapters 9
through 12, emphasizing code generation and optimization for contemporary
machines including network processors and multiprocessor architectures.

At Stanford, a one-quarter introductory course covers roughly the mate-
rial in Chapters 1 through 8, although there is an introduction to global code
optimization from Chapter 9. The second compiler course covers Chapters 9
through 12, plus the more advanced material on garbage collection from Chap-
ter 7. Students use a locally developed, Java-based system called Joeq for
implementing data-flow analysis algorithms.
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Prerequisites

The reader should possess some “computer-science sophistication,” including
at least a second course on programming, and courses in data structures and
discrete mathematics. Knowledge of several different programming languages
is useful.

Exercises

The book contains extensive exercises, with some for almost every section. We
indicate harder exercises or parts of exercises with an exclamation point. The
hardest exercises have a double exclamation point.

Gradiance On-Line Homeworks

A feature of the new edition is that there is an accompanying set of on-line
homeworks using a technology developed by Gradiance Corp. Instructors may
assign these homeworks to their class, or students not enrolled in a class may
enroll in an “omnibus class” that allows them to do the homeworks as a tutorial
(without an instructor-created class). Gradiance questions look like ordinary
questions, but your solutions are sampled. If you make an incorrect choice you
are given specific advice or feedback to help you correct your solution. If your
instructor permits, you are allowed to try again, until you get a perfect score.

A subscription to the Gradiance service is offered with all new copies of this
text sold in North America. For more information, visit the Addison-Wesley
web site www.aw.com/gradiance or send email to computing@aw. com.

Support on the World Wide Web
The book’s home page is
dragonbook.stanford.edu

Here, you will find errata as we learn of them, and backup materials. We hope
to make available the notes for each offering of compiler-relsted courses as we
teach them, including homeworks, solutions, and exams. We also plan to post
descriptions of important compilers written by their implementers.
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Chapter 1

Introduction

Programming languages are notations for describing computations to people
and to machines. The world as we know it depends on programming languages,
because all the software running on all the computers was written in some
programming language. But, before a program can be run, it first must be
translated into a form in which it can be executed by a computer.

The software systems that do this translation are called compilers.

This book is about how to design and implement compilers. We shall dis-
cover that a few basic ideas can be used to construct translators for a wide
variety of languages and machines. Besides compilers, the principles and tech-
niques for compiler design are applicable to so many other domains that they
are likely to be reused many times in the career of a computer scientist. The
study of compiler writing touches upon programming languages, machine ar-
chitecture, language theory, algorithms, and software engineering.

In this preliminary chapter, we introduce the different forms of language
translators, give a high level overview of the structure of a typical compiler,
and discuss the trends in programming languages and machine architecture
that are shaping compilers. We include some observations on the relationship
between compiler design and computer-science theory and an outline of the
applications of compiler technology that go beyond compilation. We end with
a brief outline of key programming-language concepts that will be needed for
our study of compilers.

1.1 Language Processors

Simply stated, a compiler is a program that can read a program in one lan-
guage — the source language — and translate it into an equivalent program in
another language — the target language; see Fig. 1.1. An important role of the
compiler is to report any errors in the source program that it detects during
the translation process.
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source program

'

Compiler

f

target program

Figure 1.1: A compiler

If the target program is an executable machine-language program, it can
then be called by the user to process inputs and produce outputs; see Fig. 1.2.

input — Target Program | output

Figure 1.2: Running the target program

An interpreter is another common kind of language processor. Tnstead of
producing a target program as a translation, an interpreter appears to directly
execute the operations specified in the source program on inputs supplied by
the user, as shown in Fig. 1.3.

source program —»|
Interpreter |+ output

input

Figure 1.3: An interpreter

The machine-language target program produced by a compiler is usually
much faster than an interpreter at mapping inputs to outputs . An interpreter,
however, can usually give better error diagnostics than a compiler, because it
executes the source program statement by statement.

Example 1.1: Java language processors combine compilation and interpreta-
tion, as shown in Fig. 1.4. A Java source program may first be compiled into
an intermediate form called bytecodes. The bytecodes are then interpreted by a
virtual machine. A benefit of this arrangement is that bytecodes compiled on
one machine can be interpreted on another machine, perhaps across a network.

In order to achieve faster processing of inputs to outputs, some Java compil-
ers, called just-in-time compilers, translate the bytecodes into machine language
immediately before they run the intermediate program to process the input. O
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source program

Translator

!

intermediate program % Virtual
Machine

= output
input —e

Figure 1.4: A hybrid compiler

In addition to a compiler, several other programs may be required to create
an executable target program, as shown in Fig. 1.5. A source program may be
divided into modules stored in separate files. The task of collecting the source
program is sometimes entrusted to a separate program, called a preprocessor.
The preprocessor may also expand shorthands, called macros, into source lan-
guage statements.

The modified source program is then fed to a compiler. The compiler may
produce an assembly-language program as its output, because assembly lan-
guage is easier to produce as output and is easier to debug. The assembly
language is then processed by a program called an assembler that produces
relocatable machine code as its output.

Large programs are often compiled in pieces, so the relocatable machine
code may have to be linked together with other relocatable object files and
library files into the code that actually runs on the machine. The linker resolves
external memory addresses, where the code in one file may refer to a location
in another file. The loader then puts together all of the executable object files
into memory for execution.

1.1.1 Exercises for Section 1.1

Exercise 1.1.1: What is the difference between a compiler and an interpreter?

Exercise 1.1.2: What are the advantages of (a) a compiler over an interpreter
(b) an interpreter over a compiler?

Exercise 1.1.3: What advantages are there to a language-processing system in
which the compiler produces assembly language rather than machine language?

Exercise 1.1.4: A compiler that translates a high-level language into another
high-level language is called a source-to-source translator. What advantages are
there to using C as a target language for a compiler?

Exercise 1.1.5: Describe some of the tasks that an assembler needs to per-
form.
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source program

Preprocessor

modified source program

Compiler

target assembly program

Assembler

relocatable machine code

. library files
Linker/Loader ’.‘_ relocatable object files

target machine code

Figure 1.5: A language-processing system

1.2 The Structure of a Compiler

Up to this point we have treated a compiler as a single box that maps a source
program into a semantically equivalent target program. If we open up this box
a little, we see that there are two parts to this mapping: analysis and synthesis.

The analysis part breaks up the source program into constituent pieces and
imposes a grammatical structure on them. It then uses this structure to cre-
ate an intermediate representation of the source program. If the analysis part
detects that the source program is either syntactically ill formed or semanti-
cally unsound, then it must provide informative messages, so the user can take
corrective action. The analysis part also collects information about the source
program and stores it in a data structure called a symbol table, which is passed
along with the intermediate representation to the synthesis part.

The synthesis part constructs the desired target program from the interme-
diate representation and the information in the symbol table. The analysis part
is often called the front end of the compiler; the synthesis part is the back end.

If we examine the compilation process in more detail, we see that it operates
as a sequence of phases, each of which transforms one representation of the
source program to another. A typical decomposition of a compiler into phases
is shown in Fig. 1.6. In practice, several phases may be grouped together,
and the intermediate representations between the grouped phases need not be
constructed explicitly. The symbol table, which stores information about the
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Lexical Analyzer
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token stream

Syntax Analyzer

T
syntax tree

Semantic Analyzer

T
syntax tree

Symbol Table Intermediate Code Generator

T
intermediate representation

Machine-Independent
Code Optimizer

1
intermediate representation

Code Generator

T .
target-machine code

Machine-Dependent
Code Optimizer

T
target-machine code

Figure 1.6: Phases of a compiler

entire source program, is used by all phases of the compiler.

Some compilers have a machine-independent optimization phase between
the front end and the back end. The purpose of this optimization phase is to
perform transformations on the intermediate representation, so that the back
end can produce a better target program than it would have otherwise pro-
duced from an unoptimized intermediate representation. Since optimization is
optional, one or the other of the two optimization phases shown in Fig. 1.6 may
be missing.

1.2.1 Lexical Analysis

The first phase of a compiler is called lexical analysis or scanning. The lex-
ical analyzer reads the stream of characters making up the source program
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and groups the characters into meaningful sequences called lexemes. For each
lexeme, the lexical analyzer produces as output a token of the form

(token-name, attribute-value)

that it passes on to the subsequent phase, syntax analysis. In the token, the
first component token-name is an abstract symbol that is used during syntax
analysis, and the second component attribute-value points to an entry in the
gymbol table for this token. Information from the symbol-table entry is needed
for semantic analysis and code generation.

For example, suppose a source program contains the assignment statement

position = initial + rate * 60 (1.1)

The characters in this assignment could be grouped into the following lexemes
and mapped into the following tokens passed on to the syntax analyzer:

1. position is a lexeme that would be mapped into a token (id, 1), where id
is an abstract symbol standing for identifier and 1 points to the symbol-
table entry for position. The symbol-table entry for an identifier holds
information about the identifier, such as its name and type.

2. The assignment symbol = is a lexeme that is mapped into the token (=).
Since this token needs no attribute-value, we have omitted the second
component. We could have used any abstract symbol such as assign for
the token-name, but for notational convenience we have chosen to use the
lexeme itself as the name of the abstract symbol.

3. initialis a lexeme that is mapped into the token (id,2), where 2 points
to the symbol-table entry for initial.

4. +is a lexeme that is mapped into the token (+).

5. rate is a lexeme that is mapped into the token (id, 3), where 3 points to
the symbol-table entry for rate.

6. * is a lexeme that is mapped into the token ().
7. 60 is a lexeme that is mapped into the token (60).}

Blanks separating the lexemes would be discarded by the lexical analyzer.
Figure 1.7 shows the representation of the assignment statement (1.1) after
lexical analysis as the sequence of tokens

(id,1) (=) (id,2) (+) (id,3) (x) (60) (1.2)

In this representation, the token names =, +, and * are abstract symbols for
the assignment, addition, and multiplication operators, respectively.

1Technically speaking, for the lexeme 60 we should make up a token like (number, 4),
where 4 points to the symbol table for the internal representation of integer 60 but we shall
defer the discussion of tokens for numbers until Chapter 2. Chapter 3 discusses techniques

for building lexical analyzers.
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position = initial + rate * 60

l Lexical Analyzer 1

(id, 1) (=) (id,2) (+) (id,3) (x) (60)

Y
I Syntax Analyzer [
Gd,1y7 >4
- - . \
1 | position| --- (id, 2) DL
2 [initial | - (id, 3) 60
3 | rate ¥
L Semantic Analyzer
- 1
. T
SYMBOL TABLE (id, 1) +
Gd, 2y

(id, 3)/ inttofloat
|
60
untermediate Code Generatoﬂ

t1 = inttofloat(60)
t2 = id3 * 1

t3 = id2 + t2

idl = t3

Code Optimizer j

tl = id3 * 60.0
idl = id2 + t1

L Code Generator

LDF R2, id3

MULF R2, R2, #60.0
LDF R1, id2

ADDF R1; R1, R2
STF idl, R1

Figure 1.7: Translation of an assignment statement



























































































































