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1. Introduction 

 

1.1 Language Processors 

 
A compiler is a program that can read a program in one language (source language) and 
translate it into an equivalent program in another language (target language). If the target 
program is an executable machine-language program, it can then be called by the user to 
process inputs and produce outputs. 
 
An interpreter is another common kind of language processor. Instead 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. 
 
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. 
 
A language-processing system typically involves – preprocessor, compiler, assembler and 
linker/loader – in translating source program to target machine code. 
 
1.2 The structure of a Compiler 

 
Analysis: source program to intermediate representation (front end) 
Synthesis: intermediate representation to target program (back end) 
 
The analysis part breaks up the source program into constituent pieces and imposes a 
grammatical structure on them. It then uses this structure to create an intermediate 
representation of the source program. If the analysis part detects that the source program is 
either syntactically ill formed or semantically 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 intermediate 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. 
 
The phases of a compiler are: lexical analyzer (scanning) (linear analysis), syntax analyzer 
(hierarchical analysis) (parsing), semantic analyzer, intermediate code generator, machine-
independent code optimizer, code generator and machine-dependent code optimizer 
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Symbol table manager and error handler are two independent modules which will interact 
with all phases of compilation. A symbol table is a data structure containing a record for each 
identifier with fields for the attributes of the identifier. When an identifier in the source 
program is detected by the lexical analyzer, the identifier is entered into the symbol table. 
Each phase can encounter errors. After detecting an error, a phase must somehow deal with 
that error, so that compilation must proceed, allowing further errors in the source program to 
be detected. 
 
The first phase of a compiler is called lexical analysis or scanning. The lexical analyzer reads 
the stream of characters making up the source program 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 symbol table for this token. Information 
from the symbol-table entry is needed for semantic analysis and code generation. 
 
The second phase of the compiler is syntax analysis or parsing. The parser uses the first 
components of the tokens produced by the lexical analyzer to create a tree-like intermediate 
representation that depicts the grammatical structure of the token stream. A typical 
representation is a syntax tree in which each interior node represents an operation and the 
children of the node represent the arguments of the operation. 
 
The semantic analyzer uses the syntax tree and the information in the symbol table to check 
the source program for semantic consistency with the language definition. It also gathers type 
information and saves it in either the syntax tree or the symbol table, for subsequent use 
during intermediate-code generation. 
 
In the process of translating a source program into target code, a compiler may construct one 
or more intermediate representations, which can have a variety of forms. Syntax trees are a 
form of intermediate representation; they are commonly used during syntax and semantic 
analysis. 
 
The machine-independent code-optimization phase attempts to improve the intermediate code 
so that better target code will result. Usually better means faster, but other objectives may be 
desired, such as shorter code, or target code that consumes less power. 
 
The code generator takes as input an intermediate representation of the source program and 
maps it into the target language. If the target language is machine code, registers Or memory 
locations are selected for each of the variables used by the program. Then, the intermediate 
instructions are translated into sequences of machine instructions that perform the same task. 
A crucial aspect of code generation is the judicious assignment of registers to hold variables. 
Different compiler construction tools are: parser generators, scanner generators, syntax-
directed translation engines, code-generator generators, data-flow analysis engines, compiler-
construction toolkits. 
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1.3 The Evolution of Programming Languages 

 
The move to higher-level languages 

The first step towards more people-friendly programming languages was the development of 
mnemonic assembly languages in the early 1950's. Initially, the instructions in an assembly 
language were just mnemonic representations of machine instructions. Later, macro 
instructions were added to assembly languages so that a programmer could define 
parameterized shorthands for frequently used sequences of machine instructions. 
 
Impacts on compilers 

Compilers can help promote the use of high-level languages by minimizing the execution 
overhead of the programs written in these languages. Compilers are also critical in making 
high-performance computer architectures effective on users' applications. In fact, the 
performance of a computer system is so dependent on compiler technology that compilers are 
used as a tool in evaluating architectural concepts before a computer is built.  
 

1.4 The Science of Building a Compiler 
 
A compiler must accept all source programs that conform to the specification of the language; 
the set of source programs is infinite and any program can be very large, consisting of 
possibly millions of lines of code. Any transformation performed by the compiler while 
translating a source program must preserve the meaning of the program being compiled. 
Compiler writers thus have influence over not just the compilers they create, but all the 
programs that their compilers compile. This leverage makes writing compilers particularly 
rewarding; however, it also makes compiler development challenging. 
 
Modeling in compiler design and implementation 

The study of compilers is mainly a study of how we design the right mathematical models 
and choose the right algorithms, while balancing the need for generality and power against 
simplicity and efficiency.  
 
The science of code optimization 

The term "optimization" in compiler design refers to the attempts that a compiler makes to 
produce code that is more efficient than the obvious code. "Optimization" is thus a misnomer, 
since there is no way that the code produced by a compiler can be guaranteed to be as fast or 
faster than any other code that performs the same task. 
 
Finally, a compiler is a complex system; we must keep the system simple to assure that the 
engineering and maintenance costs of the compiler are manageable. There is an infinite 
number of program optimizations that we could implement, and it takes a nontrivial amount 
of effort to create a correct and effective optimization. We must prioritize the optimizations, 
implementing only those that lead to the greatest benefits on source programs encountered in 
practice. 
 
Thus, in studying compilers, we learn not only how to build a compiler, but also the general 
methodology of solving complex and open-ended problems. The approach used in compiler 
development involves both theory and experimentation. We normally start by formulating the 
problem based on our intuitions on what the important issues are. 
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1.5 Applications of Compiler Technology 

 
Implementation of high-level programming languages 

A high-level programming language defines a programming abstraction: the programmer 
expresses an algorithm using the language, and the compiler must translate that program to 
the target language. Generally, higher-level programming languages are easier to program in, 
but are less efficient, that is, the target programs run more slowly. Programmers using a low-
level language have more control over a computation and can, in principle, produce more 
efficient code. Unfortunately, lower-level programs are harder to write and — worse still — 
less portable, more prone to errors, and harder to maintain. Optimizing compilers include 
techniques to improve the performance of generated code, thus offsetting the inefficiency 
introduced by high-level abstractions. 
 

Optimizations for computer architectures 

The rapid evolution of computer architectures has also led to an insatiable demand for new 
compiler technology. Almost all high-performance systems take advantage of the same two 
basic techniques: parallelism and memory hierarchies. Parallelism can be found at several 
levels: at the instruction level, where multiple operations are executed simultaneously and at 
the processor level, where different threads of the same application are run on different 
processors. Memory hierarchies are a response to the basic limitation that we can build very 
fast storage or very large storage, but not storage that is both fast and large. 

 

Parallelism-All modern microprocessors exploit instruction-level parallelism. However, 
this parallelism can be hidden from the programmer. Programs are written as if all 
instructions were executed in sequence; the hardware dynamically checks for 
dependencies in the sequential instruction stream and issues them in parallel when 
possible. In some cases, the machine includes a hardware scheduler that can change the 
instruction ordering to increase the parallelism in the program. Whether the hardware 
reorders the instructions or not, compilers can rearrange the instructions to make 
instruction-level parallelism more effective. 
 

Memory Hierarchies- A memory hierarchy consists of several levels of storage with 
different speeds and sizes, with the level closest to the processor being the fastest but 
smallest. The average memory-access time of a program is reduced if most of its accesses 
are satisfied by the faster levels of the hierarchy. Both parallelism and the existence of a 
memory hierarchy improve the potential performance of a machine, but they must be 
harnessed effectively by the compiler to deliver real performance on an application. 

 
Design of new computer architectures 

In the early days of computer architecture design, compilers were developed after the 
machines were built. That has changed. Since programming in highlevel languages is the 
norm, the performance of a computer system is determined not by its raw speed but also by 
how well compilers can exploit its features. Thus, in modern computer architecture 
development, compilers are developed in the processor-design stage, and compiled code, 
running on simulators, is used to evaluate the proposed architectural features. 
 
Program translations 

While we normally think of compiling as a translation from a high-level language to the 
machine level, the same technology can be applied to translate between different kinds of 
languages. 
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Software productivity tools 

Programs are arguably the most complicated engineering artifacts ever produced; they consist 
of many details, every one of which must be correct before the program will work 
completely. As a result, errors are rampant in programs; errors may crash a system, produce 
wrong results, render a system vulnerable to security attacks, or even lead to catastrophic 
failures in critical systems. Testing is the primary technique for locating errors in programs. 
An interesting and promising complementary approach is to use data-flow analysis to locate 
errors statically (that is, before the program is run). Dataflow analysis can find errors along 
all the possible execution paths, and not just those exercised by the input data sets, as in the 
case of program testing. Many of the data-flow-analysis techniques, originally developed for 
compiler optimizations, can be used to create tools that assist programmers in their software 
engineering tasks. 
 
1.6 Programming Language Basics 

 
The static/dynamic distinction 

Among the most important issues that we face when designing a compiler for a language is 
what decisions can the compiler make about a program. If a language uses a policy that 
allows the compiler to decide an issue, then we say that the language uses a static policy or 
that the issue can be decided at compile time. On the other hand, a policy that only allows a 
decision to be made when we execute the program is said to be a dynamic policy or to require 
a decision at run time. 
 

Environments and states 

Another important distinction we must make when discussing programming languages is 
whether changes occurring as the program runs affect the values of data elements or affect 
the interpretation of names for that data. For example, the execution of an assignment such as 
x = y +1 changes the value denoted by the name x. More specifically, the assignment changes 
the value in whatever location is denoted by x.  

 

Static scope and block structure 

Most languages, including C and its family, use static scope. The scope rules for C are based 
on program structure; the scope of a declaration is determined implicitly by where the 
declaration appears in the program. Later languages, such as C + + , Java, and C # , also 
provide explicit control over scopes through the use of keywords like public, private, and 
protected. In this section we consider static-scope rules for a language with blocks, where a 
block is a grouping of declarations and statements. C uses braces {and} to delimit a block; the 
alternative use of b e g in and end for the same purpose dates back to Algol. 
 
Explicit access control 

Classes and structures introduce a new scope for their members. If p is an object of a class 
with a field (member) x, then the use of x in p.x refers to field x in the class definition. In 
analogy with block structure, the scope of a member declaration x in a class C extends to any 
subclass C, except if C has a local declaration of the same name x. 
 
Dynamic scope 

Technically, any scoping policy is dynamic if it is based on factor(s) that can be known only 
when the program executes. The term dynamic scope, however, usually refers to the 
following policy: a use of a name x refers to the declaration of x in the most recently called 
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procedure with such a declaration. Dynamic scoping of this type appears only in special 
situations. 
 
Parameter passing mechanisms 

All programming languages have a notion of a procedure, but they can differ in how these 
procedures get their arguments. In this section, we shall consider how the actual parameters 

(the parameters used in the call of a procedure) are associated with the formal parameters 

(those used in the procedure definition). Which mechanism is used determines how the 
calling-sequence code treats parameters. The great majority of languages use either "call-by-
value," or "call-by-reference," or both. We shall explain these terms, and another method 
known as "call-by-name," that is primarily of historical interest. 
 
Aliasing 

There is an interesting consequence of call-by-reference parameter passing or its simulation, 
as in Java, where references to objects are passed by value. It is possible that two formal 
parameters can refer to the same location; such variables are said to be aliases of one another. 
As a result, any two variables, which may appear to take their values from two distinct formal 
parameters, can become aliases of each other, as well. 
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Chapter 3 

 

Lexical Analysis 

 
Lexical analysis reads characters from left to right and groups into tokens. A simple way to 
build lexical analyzer is to construct a diagram to illustrate the structure of tokens of the 
source program. We can also produce a lexical analyzer automatically by specifying the 
lexeme patterns to a lexical-analyzer generator and compiling those patterns into code that 
functions as a lexical analyzer. This approach makes it easier to modify a lexical analyzer, 
since we have only to rewrite the affected patterns, not the entire program. 
 
Three general approaches for implementing lexical analyzer are: 

i. Use lexical analyzer generator (LEX) from a regular expression based specification 
that provides routines for reading and buffering the input. 

ii. Write lexical analyzer in conventional language using I/O facilities to read input. 
iii. Write lexical analyzer in assembly language and explicitly manage the reading of 

input. 
 
The speed of lexical analysis is a concern in compiler design, since only this phase reads the 
source program character-by character. 
 
3.1 The role of the lexical analyzer 

 

 
 
Since the lexical analyzer is the part of the compiler that reads the source text, it may perform 
certain other tasks besides identification of lexemes. One such task is stripping out comments 
and whitespace (blank, newline, tab, and perhaps other characters that are used to separate 
tokens in the input). Another task is correlating error messages generated by the compiler 
with the source program. For instance, the lexical analyzer may keep track of the number of 
newline characters seen, so it can associate a line number with each error message. In some 
compilers, the lexical analyzer makes a copy of the source program with the error messages 
inserted at the appropriate positions. If the source program uses a macro-preprocessor, the 
expansion of macros may also be performed by the lexical analyzer. 
 
It is the first phase of a compiler. It reads source code as input and sequence of tokens as 
output. This will be used as input by the parser in syntax analysis. Upon receiving 
‘getNextToken’ from parser, lexical analyzer searches for the next token. 
 
Some additional tasks are: eliminating comments, blanks, tab and newline characters, 
providing line numbers associated with error messages and making a copy of the source 
program with error messages. 
 
Some of the issues are: simpler design, compiler efficiency is improved and compiler 
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portability is enhanced. 
 
Tokens, patterns and lexemes 
 
Token is a terminal symbol in the grammar for the source language. When the character 
sequence ‘pi’ appears in the source program, a token representing identifier is returned to the 
parser. A token is a pair consisting of a token name and an optional attribute value. The token 
name is an abstract symbol representing a kind of lexical unit, e.g., a particular keyword, or a 
sequence of input characters denoting an identifier. The token names are the input symbols 
that the parser processes. In what follows, we shall generally write the name of a token in 
boldface. We will often refer to a token by its token name.  
   
Pattern is a rule describing the set of lexemes that can represent a particular token in source 
programs. A pattern is a description of the form that the lexemes of a token may take. In the 
case of a keyword as a token, the pattern is just the sequence of characters that form the 
keyword. For identifiers and some other tokens, the pattern is a more complex structure that 
is matched by many strings. 
 
Lexeme is a sequence of characters in the source program that is matched by the pattern for a 
token. A lexeme is a sequence of characters in the source program that matches the pattern for 
a token and is identified by the lexical analyzer as an instance of that token. 
 
In many programming languages, the following classes cover most or all of the tokens: 
1. One token for each keyword. The pattern for a keyword is the same as the keyword itself. 
2. Tokens for the1 operators, either individually or in classes such as the token comparison.  
3. One token representing all identifiers. 
4. One or more tokens representing constants, such as numbers and literal 
5. Tokens for each punctuation symbol, such as left and right parentheses, comma, and 
semicolon. 
 
Attributes for tokens 

 
A token has only a single attribute – a pointer to the symbol-table entry in which the 
information about the token is kept. The token names and associated attribute values for the 
statement 

E = M * C ** 2 
are written below as a sequence of pairs. 

         <id, pointer to symbol-table entry for E> 
<assign_op> 

          <id, pointer to symbol-table entry for M> 
<mult_op> 

         <id, pointer to symbol-table entry for C> 
<exp_op> 
<number, integer value 2> 

  
Lexical errors 
 
It is hard for a lexical analyzer to tell, without the aid of other components, that there is a 
source-code error. For instance, if the string f i is encountered for the first time in a C 
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program in the context: 
 

f i ( a == f ( x ) ) . .. 
 
a lexical analyzer cannot tell whether f i is a misspelling of the keyword if or an undeclared 
function identifier. Since f i is a valid lexeme for the token id, the lexical analyzer must return 
the token id to the parser and let some other phase of the compiler — probably the parser in 
this case — handle an error due to transposition of the letters. 
However, suppose a situation arises in which the lexical analyzer is unable to proceed 
because none of the patterns for tokens matches any prefix of the remaining input. The 
simplest recovery strategy is "panic mode" recovery. We delete successive characters from 
the remaining input, until the lexical analyzer can find a well-formed token at the beginning 
of what input is left. This recovery technique may confuse the parser, but in an interactive 
computing environment it may be quite adequate. 
 
Other possible error-recovery actions are: 
1. Delete one character from the remaining input. 
2. Insert a missing character into the remaining input. 
3. Replace a character by another character. 
4. Transpose two adjacent characters. 
 
3.2 Input Buffering 

 
Before discussing the problem of recognizing lexemes in the input, let us examine some ways 
that the simple but important task of reading the source program can be speeded. This task is 
made difficult by the fact that we often have to look one or more characters beyond the next 
lexeme before we can be sure we have the right lexeme. 
 

Buffer Pairs 

 
Because of the amount of time taken to process characters and the large number of characters 
that must be processed during the compilation of a large source program, specialized 
buffering techniques have been developed to reduce the amount of overhead required to 
process a single input character. 
 
Look ahead of characters in the input is necessary to identify tokens. Specified buffering 
techniques have been developed to reduce the large amount of time consumed in moving 
characters. A buffer (array) divided into two N-character halves, where N=number of 
characters on one disk block ‘eof’ marks the end of source file and it is different from input 
character 
 
                     E=M*C**2eof 
 
Two pointers are maintained: beginning of the lexeme pointer and  
                                                forward pointer.  
 
Initially, both pointers point to the first character of the next lexeme to be found. Forward 
pointer scans ahead until a match for a pattern is found. Once the next lexeme is determined, 
processed and both pointers are set to the character immediately past the lexeme. If the 
forward pointer moves halfway mark, the right N half is filled with new characters. If the 
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