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UNIT I INTRODUCTION TO COMPILERS & LEXICAL ANALYSIS

Introduction — Translators - Compilation and Interpretation - Language processors - The
Phases of Compiler — Lexical Analysis — Role of Lexical Analyzer — Input Buffering —
Specification of Tokens — Recognition of Tokens — Finite Automata — Regular Expressions to
Automata NFA, DFA — Minimizing DFA - Language for Specifying Lexical Analyzers — Lex

tool.

INTRODUCTION
TRANSLATORS

® A translator is a program that takes as input a program written in one language and produces as

output a program in another language.

® Beside program translation, the translator performs another very important role, the error-detection.
Anyviolation of d HLL (High Level Language) specification would be detected and reported to the
programmers.
Important Role of Translator are:
e Translating the HLL program input into an equivalent ml program.
e Providing diagnostic messages wherever the programmer violates specification of the HLL
A translator or language processor is a program that translates an input program written in a

programming language into an equivalent program in another language.

Y

Source Code

Translator > Target Code
Execution in Translator

Types of Translators:
e Interpreter
e Assembler
e Compiler
Interpreter
An interpreter is a program that appears to execute a source program as if it were machine

language. Itis one of the translators that translate high level language to low level language.

Source Program Program Output

= Interpreter [——*
Data +

Execution in Interpreter

During execution, it checks line by line for errors. Languages such as BASIC, SNOBOL, LISP can
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be translated using interpreters. JAVA also uses interpreter. The process of interpretation can be carried out

in following phases.
e Lexical analysis
e Syntax analysis
e Semantic analysis
e Direct Execution
Example: BASIC, Lower Version of Pascal, SNOBOL, LISP & JAVA

Advantages:
e Modification of user program can be easily made and implemented as execution proceeds.

e Type of object that denotes various may change dynamically.
e Debugging a program and finding errors is simplified task for a program used for interpretation.
e The interpreter for the language makes it machine independent.
Disadvantages:
e The execution of the program is slower
e Memory consumption is more
Assembler
e Programmers found it difficult to write or read programs in machine language. They begin to use a
mnemonic (symbols) for each machine instruction, which they would subsequently translate into
machine language. Such a mnemonic machine language is now called an assembly language.
e Programs known as assembler were written to automate the translation of assembly language in to
machine language. The input to an assembler program is called source program, the output is a
machinelanguage translation (object program).

e It translates assembly level language to machine code.

Assembly Language " Assembler [ Machine Code

Example: Microprocessor 8085, 8086.
Advantages:
e Debugging and verifying
e Making compilers->Understanding assembly coding techniques is necessary for making
compilers,debuggers and other development tools.
e Optimizing code for size.
e Optimizing code for speed.

Disadvantages:
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e Development time. Writing code in assembly language takes much longer than writing in a high-

levellanguage.
e Reliability and security. It is easy to make errors in assembly code.
e Debugging and verifying. Assembly code is more difficult to debug and verify because there are
morepossibilities for errors than in high-level code.
Compiler
Compiler is a translator program that translates a program written in (HLL) the source program and
translate it into an equivalent program in (MLL) the target program. As an important role of a compiler is

errorshowing to the programmer.

Source Code

Cmﬂfilﬁr > Target Code
Error Message

Executing a program written in HLL programming language is basically of two parts. The source
program must first be compiled translated into an object program. Then the results object program is loaded

into a memory executed.

h 4

Source Code

Compiler > Object Code

Object Program ——————# Object Program ——— Object Program
Input Output

Example: C, C++, COBOL, higher version of
Pascal.

Difference between Compiler and Interpreter
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Sl.No Compiler Interpreter

1 Compiler works on the Interpreter program works
complete program at once. It line-by-line. It takes one
takes the entire program as statement at a time as input.
input.

2 Compiler generates Interpreter does not generate
intermediate code, called the intermediate object code or
object code or machine code. machine code .

3 Compiler executes conditional Interpreter executes
control statements (like if-else condifional control statements
and switch-case) and logical at a much slower speed.
constructs faster than
interpreter.

4 Compiled programs talke more | Interpreter does not generate
memory because the entire intermediate object code. As a
object code has to reside in result, interpreted programs
memory. are more memory efficient.

5 Compile once and run S Interpreted programs are
anytime. Compiled program interpreted line-by-line every
does not need to be compiled time they are run.
every time.

3] Compiler does not allow a Interpreter runs the program
program to run until it is from first line and stops
completely error-free. execution only if it encounters

an error.

7 Compiled langnages are more Interpreted langnages are less
efficient but difficult to debug. efficient but easier to debug.

This makes such languages
an ideal choice for new
students

8 Example: C, C++, COBOL Example: BASIC, Visual

Basic, Python, Ruby, PHP,
Perl, MATLAB, Lisp

2126 — Sri Muthukumaran Institute of Technology




CS3501 - COMPILER DESIGN S.P Audline Beena, AP/SMIT
Language processors (COUSINS OF THE COMPLIER or Language Processing System)

Skeletal Sou.lce code

Preprocessor

Modified soI.rce program

Compiler

Asscmblji program

Assembler

Relocatable gpachine code

L1 le—— Modules
i » Library files|
Executable liachine code
Loader == Relocatable object Files
Machine code

1. Preprocessors:
e |t produces input to Compiler. They may perform the following functions.

Macro Processing:
e A preprocessor may allow a user to define macros that are shorthand’s for longer constructs.
File inclusion:

e A preprocessor may include header files into the program text. For example, the C preprocessor causes
the contents of the file to replace the statement #include when it processes a file containing this
statement.

Rational preprocessors:

e These preprocessors augment older language with more modern flow of control and data structuring
facilities. If constructs like while-statements does not exist in the programming language, then this
preprocessor provides it. Language extensions:

e These preprocessor attempts to add capabilities to the language by what amounts to build in macros. For
example, Equal a database query language embedded in C. Statement beginning with ## are taken as
preprocessor to be database access statements, unrelated to C and are translated into procedure calls on

routines that perform the database access.
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2. Complier:

e It converts the source program (HLL) into target program (LLL).
3. Assemblers:

e It converts an assembly language (LLL) into machine code. Some compilers produce assembly for
further processing.

e Other compilers perform the job of the assembler, producing relocatable machine code that can be
passed directly to the loader/link-editor.

e Assembly code is a mnemonic version of the machine code, in which names are used instead of binary
codes for operation and names are also given to memory addresses. A typical sequence of assembly
instructions might be

MOV a, R1
ADD #2,R1
MOV R1, b

4. Loader and Link Editors:
Loader:

e The process of loading consists of taking relocatable machine code, altering the relocatable addresses
and placing the altered instructions and data in memory at the proper locations.

e The Link-editor allows us to make a single program from several files of relocatable machine code.
These files may have been the result of several different compilations, and one or more may be library
files of routines provided by the system and available to any program that needs them.

Link Editor:

e Itallows us to make a single program from several files of relocatable machine code.
THE PHASES OF COMPILER

1) Lexical analysis - it contains a sequence of characters called tokens. Input is source program & the output
istokens.

2) Syntax analysis - input is token and the output is parse tree

3) Semantic analysis - input is parse tree and the output is expanded version of parse tree

4) Intermediate Code generation - Here all the errors are checked & it produce an intermediate code.

5) Code Optimization - the intermediate code is optimized here to get the target program.
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6) Code Generation - this is the final step & here the target program code is generated.

Source Program

Lexical Analyzer

Syntax Analyzer

v
Semantic Analyzer ’\

Intermediate Code Error
Generator Handler

Code Optimizer r

Code Generator

Symbol Table
Manager

Target Program

Lexical Analysis:

In a compiler, Linear analysis is called lexical analysis or scanning. For example, in lexical analysis the
characters in the assignment statement

position: = initial + rate * 60
would be grouped in to the following tokens

1. The identifier position

2. The assignment symbol: =

3. The identifier initial

4. The plus sign

5. The identifier rate

6. The multiplication sign

7. The number 60
The blanks are usually eliminated during lexical analysis
Syntax Analysis:

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.

{1.:1.1}”"': T+

(id, 2"

(id, 37 T 60
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.
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Semantic Analysis:

The semantic analysis checks the source program for semantic errors and gathers type information for
the subsequent code-generation phase. It uses the hierarchical structure determined by the syntax-analysis phase

to identify the operators and operands of expressions and statements.

— T
. T
(id, 17 +
(id, 27 e
(id, 37" inttofloat
|
v i)

Intermediate Code Generator:

After syntax and semantic analysis, some compilers generate an explicit intermediate representation of
the source program. This intermediate representation can have a variety of forms. In three-address code, the
source program might look like this,

templ: = inttoreal (60)

temp2: = id3 * templ

temp3: = id2 + temp2

idl: = temp3
Code Optimization:

The code optimization phase attempts to improve the intermediate code, so that faster running machine
codes will result. Some optimizations are trivial. There is a great variation in the amount of code optimization
different compilers perform. In those that do the most, called ‘optimizing compilers’, a significant fraction of
the time of the compiler is spent on this phase.

templ :=id3 * 60.0

id1 :=id2 + temp1l
Code Generation:

The final phase of the compiler is the generation of target code, consisting normally of relocatable
machine code or assembly code. Memory locations are selected for each of the variables used by the program.

MOVF id3, R2

MULF #60.0, R2

MOVF id2, R1

ADDF R2,R1

MOVF R1, id1

The first and second operands of each instruction specify a source and destination, respectively. The F

in each instruction tells us that instruction deal with floating point numbers.
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position := initial + rate * 60
v
lexical analyzer

¥
ids = idz + ids * 60

v

syntax analyzer

v

SN
idy /+

~
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id3

v

semantic analyzer

N
60

¥
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id4 +
/N
1 id/ htnreal
60

S.P Audline Beena, AP/SMIT

I

intermediate code ge neratm|

Symbol-Table Management:

The symbol table is a data structure containing a record for each variable name, with fields for the

attributes of the name. The data structure should be designed to allow the compiler to find the record for each

v

temp1 := inttoreal (60)
temp2 :=ids * temp1
temp3 :=id:z + temp2
id1  =temp3

v

code optimizer

v

temp1 :=idz * 60.0
idl  :=idz+ temp1

v

code generator

v

MOVF id3, R2
MULF #60.0, R2
MOVF id2, Rf
ADDF R2, Ri

MOVF R1, id1

name quickly and to store or retrieve data from that record quickly.

INPUT BUFFERING

e We often have to look one or more characters beyond the next lexeme before we can be sure we have

the right lexeme.

e As characters are read from left to right, each character is stored in the buffer to form a meaningful

token. We introduce a two-buffer scheme that handles large look a head’s safely. We then consider an

improvement involving "sentinels™ that saves time checking for the ends of buffers.

Buffer Pairs:

e A buffer is divided into two N-character halves, as shown below.

e Each buffer is of the same size N, and N is usually the number of characters on one disk block. E.g.,

1024 or 4096 bytes.
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Using one system read command we can read N characters into a buffer.

If fewer than N characters remain in the input file, then a special character, represented by eof, marks
the end of the source file.

| £l = me[cieielziem
T forward
lexemeBegin

Two pointers to the input are maintained:

Pointer lexeme_beginning, marks the beginning of the current lexeme, whose extent we are attempting
to determine.

Pointer forward scans ahead until a pattern match is found.

Sentinels:

For each character read, we make two tests: one for the end of the buffer, and one to determine what
character is read. We can combine the buffer-end test with the test for the current character if we extend
each buffer to hold a sentinel character at the end.

The sentinel is a special character that cannot be part of the source program, and a natural choice is the
character eof.

The sentinel arrangement is as shown below:

f -— v -—

‘B - e

eoff C . * » 2 eof

f A

forward
lexemeBegin

eof

SPECIFICATION OF TOKEN:

Regular expressions are notation for specifying patterns.
Each pattern matches a set of strings.
Regular expressions will serve as names for sets of strings.

Strings and Languages String means a finite sequence of symbols.

For example

computer (¢, 0, m, p, u, t, e, r)

CS6660 (C, S, 6, 6, 6,0)

101001 (1, 0)

Symbols are given through alphabet. An alphabet is a finite set of symbols

The term alphabet or character class denotes any finite set of symbols. e.g., set {0,1} is the binary
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alphabet.

e The term sentence and word are often used as synonyms for the term string.
e The length of a string s is written as | s | - is the number of occurrences of symbols
e The empty string denoted by € — length of empty string is zero.
e The term language denotes any set of strings over some fixed alphabet.
Operations on Languages:
There are several operations that can be applied to languages:

Definitions of operations on languages L and M:

OPERATION DEFINITION
Union of L and M. wnitten LM LoM=|s|sisimLorsisinM }
Concatenation of L and M. written LM | LM ={st|sisinLandtisinM |
Kleene closure of L. - 3 ‘
written L* L= U L

=0

L* denotes “zero or more concatenation of” L.

Positive closure of L.
written L+

=

L™ denotes “one or more Concatenation of” L.

Regular Expressions:

e It allows defining the sets to form tokens.

e Defines a Pascal identifier —identifier is formed by a letter followed by zero or more letters or digits.

e.g., letter (letter | digit) *

e Arregular expression is formed using a set of defining rules.

e Each regular expression r denotes a language L(r).
Order of evaluate Regular expression:

As defined, regular expressions often contain unnecessary pairs of parentheses. We may drop certain pairs
of parentheses if we adopt the conventions that:

e The unary operator * has highest precedence and is left associative.

e Concatenation has second highest precedence and is left associative.

e | has lowest precedence and is left associative.
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RECOGNITION OF TOKENS:

We learn how to express pattern using regular expressions. Now, we must study how to take the patterns
for all the needed tokens and build a piece of code that examines the input string and finds a prefix that is a
lexeme matching one of the patterns.

Grammar for branching statements:
Stmt —if expr then stmt

| If expr then else stmt
| €
Expr —term relop term
| term
Term —id
[number

The terminal of grammar, which are if, then, else, relop,id and numbers are the names of tokens as far

as the lexical analyzer is concerned, the patterns for the tokens are described using regular definitions.
FINITE AUTOMATA

e Finite automata are a mechanism to recognize a set of valid inputs before carrying out an action.

e Finite automata are a mathematical model of a system with inputs, outputs, finite number of states and
a transition from state to state on input symbol X.

e A recognizer for a language is a program that takes a string x, and answers “yes” if X is a sentence of
that language, and “no” otherwise.

e We call the recognizer of the tokens as a finite automaton. A finite automaton can be: deterministic
(DFA) or non-deterministic (NFA). Both deterministic and nondeterministic finite automaton
recognize regular sets.

Non Deterministic Finite Automata:
NFA (Non-deterministic Finite Automaton) is a 5-tuple (S, X, 8, SO, F):

e S:asetof states

e X: the symbols of the input alphabet

& s a set of transition function
e S0:s0 €S, the start state
e F:Fc S, asetof final or accepting states.

Transition table
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A transition table is a good way to implement a FSA

e One row for each state, S
e One column for each symbol, A

e Entry in cell (S,A) gives the state or set of states can be reached from state S on input A.

Example:

£\ =
"0* - (1) s (7 =)
start \" 1/ N '\\\: A_//
\ J
\b/
v
Transition Graph
O is the start state sO
{2} is the set of final states F
> > = {a,b)
S = {0.1.,2}
Transition Function
a b
) {0.1} o)
1 O 23
2 o o

The language recognized by this NFA is (ajb)*ab
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Deterministic Finite Automaton (DFA):
e A Deterministic Finite Automaton (DFA) is a special form of a NFA.
e No state has ¢- transition
e For each symbol a and state s, there is at most one labeled edge a leaving s. i.e. transition function is
from pair of state-symbol to state (not set of states)

The DFA to recognize the language (ajb)* ab is as follows.

a

a e
. O )
G a ™ I |
A ) \\: /)
\ /_-_,/

Transition Graph

0 is the start state s0

{2} is the set of final states F
I ={ab)

S={0.12}

Transition Function:

a b
0 1 0
1 1 2
2 1 0

Construction of an NFA and DFA from a Regular Expression:
e To convert a regular expression to a NFA using McNaughton-Yamada-Thompson algorithm
e syntax-directed: It works recursively up the parse tree of the regular expression

e For each sub expression a NFA with a single accepting state is built

BB Define _ o
( Regular R » Regular
\_ Expressions . Languages
Can be con to Recognize
DFAs
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Conversion of a NFA to a DFA:
e Subset construction: Each state of DFA corresponds to a set of NFA states.
e DFA states may be exponential in number of NFA states.

=t Regular Expressions
: Regular Expression to NDFA-e
‘l, conversion
NFA with g-transitions
DFA to Regular i l Determinization
Expression conversion
— DFA
e ot o s il il e o S
'1 Minimization
Minimal DFA

Operations on NFA states:

Operation [Description

e-closure(s) |set of NFA states reachable from NFA state s on &- transition alone

e-closure(T) |set of NFA states reachable from some NFA state s in set
T on e-transitions alone

move(T,a) [set of NFA states to which there is a transition on input symbol a from some
state s in T

A LANGUAGE FOR SPECIFYING LEXICAL ANALYZER

There is a wide range of tools for constructing lexical analyzers.
Lex
YACC

Lex is a computer program that generates lexical analyzers. Lex is commonly used with the yacc parser generator.
Creating a lexical analyzer

. First, a specification of a lexical analyzer is prepared by creating a program lex.l in the Lex
language. Then, lex.l is run through the Lex compiler to produce a C program lex.yy.c.

. Finally, lex.yy.c is run through the C compiler to produce an object progra m a.out, which is the
lexical analyzer that transforms an input stream into a sequence of tokens.
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Lex

lex] — L » lex.vv.c
L compiler aro

C compiler

lex.yvv.c —» ——» a.out

input —> a.out —— sequence of
stream tokens

Figl.11 Creating a lexical analyzer with lex

Lex Specification
A Lex program consists of three parts:
{ definitions }
%%
{rules }
%%
{ user subroutines }
Definitions include declarations of variables, constants, and regular definitions
@ Rules are statements of the form
p1 {action}
p2 {actiony}

pn {actionn}
where pi is regular expression and action; describes what action the lexical analyzer should take
when pattern pi matches a lexeme. Actions are written in C code.

What is LEX in Compiler Design?

Lexical Analysis

It is the first step of compiler design, it takes the input as a stream of characters and gives the output as tokens

also known as tokenization. The tokens can be classified into identifiers, Sperators, Keywords, Operators,
Constant and Special Characters.

It has three phases:
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1. Tokenization: It takes the stream of characters and converts it into tokens.

2. Error Messages: It gives errors related to lexical analysis such as exceeding length, unmatched
string, etc.
3. Eliminate Comments: Eliminates all the spaces, blank spaces, new lines, and indentations.
Lex
Lex is a tool or a computer program that generates Lexical Analyzers (converts the stream of characters into
tokens). The Lex tool itself is a compiler. The Lex compiler takes the input and transforms that input into
input patterns. It is commonly used with YACC(Yet Another Compiler Compiler). It was written by Mike
Lesk and Eric Schmidt.
Function of Lex
1. In the first step the source code which is in the Lex language having the file name ‘File.l” gives as input to
the Lex Compiler commonly known as Lex to get the output as lex.yy.c.
2. After that, the output lex.yy.c will be used as input to the C compiler which gives the output in the form of
an ‘a.out’ file, and finally, the output file a.out will take the stream of character and generates tokens as
output.
lex.yy.c: It is a C program.
File.l: It is a Lex source program

a.out: It is a Lexical analyzer

Lex Source Program Lexical Lex.yy.c
Compiler

Lex.yy.c a.out

Compiler

Input Stream Sequenc of tokens

Lex File Format
A Lex program consists of three parts and is separated by %% delimiters:-
Declarations
%%
Translation rules
%%
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Auxiliary procedures

Declarations: The declarations include declarations of variables.
Transition rules: These rules consist of Pattern and Action.
Auxiliary procedures: The Auxilary section holds auxiliary functions used in the actions.
For example:

declaration

number[0-9]

%%

translation

if {return (IF);}

%%

auxiliary function

int numberSum()
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