.

LexicalAnalysis
(2 Lectues)




¥ Overview

¥ Basic Concepts
¥ Regular Exmssions
b Language
¥ Lexical angkis ly hand
¥ Regular Languagésols

B NFA
b DFA

¥ Scanning tools
b Lex / Flex / JFlexANTLR
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¥ Scanningd?spectie

¥ Purpose
P Transbrm a stream of symbols
P Into a steam of tolens

Source Lexical —
Program 3 Analysis > oo T

(Lexing)

Stream

(Symbol Stream)

Source ! Lexical <] - GetNextToken - - - 4

(an:t?cg;é:gam) AnalySiS Parser
(Lexing) Token  =——>

Keyword
Table

CSE244 Compilers



¥ LexicalAnalzer Responsibilities

¥ Lexical angker [Scanner]
b Scan input
b Remore white spaces
b Remo/e comments
b Marufactue tokens

P Generate lexical eprs
b Pass tokn to parser
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¥ Modular design

¥ Rationale

b Separate the tw anayses
¥ High cohesion / Lev coupling
b Improve efbciency

b Improve portability / maintainability

b Enable integration of thakpary lexers
¥ [lexer = lexical angfsis tool]
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¥ Terminoloqa

¥ Token

P A classibcatiorof a common set of strings
b IdentiPerintegerFloat AssignleftPaen,RPaen,....

¥ Pattern

b The rules that characterize the set of strings & token
b [0-9]+
¥ Lexeme

b Actual sequence of characters that matches a pattern an
a gienToken class.

b

¥ Identiber NameData,x
¥ Integer. 345,2,0,629
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¥ Examples

Token Sample Lexemes| Informal Description of Pattern
const const const

if If if
relation <, <=,=,<>>>= |<or<=or=or<>or>=or>
pi, count D2 <1\ letter followed by letters and digits
num 3.1416, 0, 6.02E23
literal Ocoredumped')\ any characters betweeraOexceptO
N

any numeric constant

Actual values are critical. Info is :

1. Stored in symbol table
2. Returned to parser

Classifies
Pattern
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¥ Lexical Erors

¥ Emror Handling is gry localizedw.r.t. Input Souce

¥ Examples
generatesho lexical erors in FASCAL

¥ In what Situations do Eors Occur?
¥ Prebx of emaining input doesn@atch ay debned tokn

¥ Possible eror recovery actions:

¥ Deleting or Inseting Input Characters
¥ Replacing ofransposing Characters

¥ Or, skip over to next separator toignoe problem
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¥ Efbciency issues

¥ Is efbciency an issue?

¥ 3 LexicalAnalzer construction techniques

¥ How they adlress efbciency?

¥ LexicalAnalyzer Generator
¥ Hand-Code / High beel Language (/O facilitateg the language)
¥ Hand-Code /Assemb} Language (expligitmanage 1/O).

¥ In Eacflechnique E

¥ Who handles efbciency ?
¥ How is it handled ?
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¥ 1/0O: Fast Scanners..

¥ Characterat-a-time 1/O > e
¥ Block / Buféred 1/0 rageoris:

¥ Block/Butéred 1/O
¥ Utilize Block of memoy

¥ Stage data &m souice to bufer block at a time

¥ Maintain tvo blocks -Why (Recall OS)?

¥ Asynchonous I/O - br 1 block
¥ While LexicalAnalsis on 2nd block
Block 1 Block 2

\ J T
Y

When done, _—" ptr...

\

ssue 1/0 Still Process

Y / token in 2nd block
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(¥ Basic Scanning technique

¥ Usel character oflook-ahead
b Obtain char with getc()

¥ Do a case angsis
P Based on lookahead char
P Based on cuent lexeme

¥ Qutcome

b If char can extend leeme accoding to some pattern that
dePnes a todn,all is well,go on.

b If char cannot extend leeme:
¥ Figue out what the complete leeime Is and &turn its token
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¥ Formalization

¥ How to formalize thispseudo-atgthm?

¥ Ildea
b Lexemes ae simple
b Tokens ae sets of leemes....
b SoTokens brm a LANGUAGE

¥ Question
b What languages doewknow ?

Regqular

Context Free
Context Sensitive
Natural
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& Language Concepts

¥ A languagd.,is simpy ary set of strings @er a Pxd
alphabet.

Alphabet Languages

{0,1} {0,10,100,1000,100000E}
{0,1,00,11,000,111,E}
{a,b,c} {abc,aabbcc,aaabbbccc, E}
{A E ,Z} {TEE,FORE,BALLE }
{FOR,WHILE,GOT@}
{AE ,Z,a,E,z,0,E9, {Alllegal PASCAL progs}
+,-,E.<>E} { All grammatically correct
English sentences }
Special Languages:! - EMPTY LANGUAGE

" -contains" string only
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¥ Formal Language Operations

OPERATION DEFINITION

union of L and M L! M={s|sisinLorsisin M}
written L ! M

concatenation 6L LM ={st|sisin L andtisin M}
and M written LM

Kleene closureof L L* =L
=0

written L*
L* denotes Ozero or more concatenations @fL

positive closureof

+— L
L written L * L™= L{

L+ denotesConeor more concatenationsof OL

CSE244 Compilers



¥ Examples

L={A,B,C,D} D ={1, 2, 3}

L! D={A,B,C,D, 1,2, 3}

LD = {Al, A2, A3, B1, B2, B3, C1, C2, C3, D1, D2, D3
L2={ AA, AB, AC, AD, BA, BB, BC, BD, CA, E DD}
L4=L2 L2 =77

L* = { All possible strings of L plus” }

L*=L*-"

L(L! D)=7??

L(L! D)*=??
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¥ Regular Languages

¥ All examples abee are
P Quite expressie
b Simple languages

¥ But also..
b Belong to a special classgular languages

¥ A IS a Set of Rulesléchniquesdr
Constructing Sequences of Symbols (Stringsinan

Alphabet.

¥ Let! Be anAlphabety; a Regular Exgission
Is the Languagenat is Characterizedybthe Rules of

CSE244 Compilers
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¥ px alphabet
¥ " Is a legular expession denoting"{}

¥If aisin! ,ais a reqgular expession that denotes {a}
¥ Letr ands be R.Efor L(r) andL(s) Then

(@) (r) | (s)Is a regular expession L(r) L(s)
(b) (r)(s)Is a eqular expession L(r) L(s)

(c) (r* is aegular expession (L(r))*

(d) (r) Is a legular expession L(r)

¥ All are Left-Associate.

¥ Paentheses a dropped as allwed by precedences.
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¥ Example evisited
L={A,B,C,D} D={1,2,3)

A|B|C|D =L

(A D)(A|B|C|D)=E

(A D )* = L*

(A D)((A|B|C|D)[(1]2]3))=L@ D)
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¥ Algebraic Poperties

AXIOM DESCRIPTION
rfs=s|r IS commutative
rf(s|t)= (r|s)|t IS associative
(r s)t=r(st) concatenation Is associative
r(s|t)=rs|rt
(s|t)r=sr]|tr

concatenation distributes over |

I Is the identity element for concatenatio

relation between * and!

* Is idempotent
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¥ More Exam
¥ All Strings that starwith OtabO or end withbatO:

tab{A,E,Z,a,...,2}*{A,E,Z,a,....,z}*bat
¥ All Strings i'which {1,2,3} exist in ascendingdmr:

{AE,ZV1 {AE,Z}*2 {A E,Z}*3 {A E,Z}*
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¥ Usina R.EAs natterns

Regular Definitions: Associate names with Regular Expressions

For Example : PASCAL IDs
letter | A|B|C|E|Z|a|b|E]|z
digit! O|1|2E |9
id! letter ( letter | digit )*

Shorthand Notation:
O+O:oneormore  r =" & r*=rr*
O?0:zeroorone r?=r|"
[range] : set range of characters (replacgs)
[A-Z]=A|B|CE |Z
Example Using Shorthand : PASCAL IDs

id! [A-Za-z][A-Za-z0-9]*
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@Tokens and Patterns

Assume Following Tokens:

If, then, elserelop, id, num

What language construct are they used for ?

Given Tokens, What are Patterns ?

If Iif

then ! then

else ! else

relop! <|<=|>|>=|=]|<>

id ! letter ( letter | digit )*

C[ num! digit * (. digit *) ? ( E(+ | -) 2digit *) ?
What does this represent ? What 1§ ?
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& Throw Away Tokens

¥ Fact

P Mary tokens ae identibped ol to be thrown avay.

¥ whitespacetabulationscariage eturn,and comments can be
discaded without afécting the pogram®©meaning.

blank !

tab I AT

newline! "M

delim ! Dblank | tab |[newline
WS I delim*
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¥ Automaton

¥ A tool to specify a tokn

We’ve accepted “>” and have read other char that
must be unread.
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¥ A More ComplexAutomaton
start G S G - @ return(relop, LE)
< @ return(relop, NE)

other

*
» return(relop, LT)

@ return( relop, EQ)
° - @ return( relop, GE)

other

* return(relop, GT)
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¥ Two More...

letter or digit

start |. letter |‘ other l.*

A

start @ delim @ other *

CSE244 Compilers



¥ What about leywords ?

¥ Easy!
P Use theOldentiberO tek

b After a match|ookup the leyword table

¥ If found,return a token for the matched kyword
¥ If not,return a token for the trueidentiber

CSE244 Compilers



¥ Yes..But how to sca®

¥ Remember the atgyithm?

b Acquire 1 character of lookahead

b Case angsis based

¥ On lookahead
¥ On state of automaton
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¥ Scanner code

class Scanner {
InputStream _in;
char _la; I/ The lookahead character
char[] _window; // lexeme window
Token nextToken() {
startLexeme(); // reset window at start
while(true) {
switch(_state) {
I case 0O: {
I I _la=getChar();
Lif (_la == 0<0) _state = 1;
I elseif (_la==0=0) state = 5;
I elseif (_la==0>0) state = 6;
I else failure(state);
toreak; case 7: {
case 6: { I return new Token(GEQUAL);

1 if (_la==0=0) state =7;
| else _state = 8; case 8: {
joreak; | pushBack(_la):
I return new Token(GREATER);

!
!
!
!
!
!
!
!
!
11 I la=getChar(); lbreak;
|
g
!
g
} }

!
!
!
!
!
!
!
!
I
I
!
!
!
}
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¥ Handling Fail@s

¥ Meaning
P The automatondr this token failed

¥ solution

b If another automaton isvailable
¥ OewindO the input to the beginning of lastdeme

¥ limp to stat state of next automaton
¥ Stat recognizing again

b If no other automaton
¥ This is a true lexical eor.

¥ Discad lexeme (or at least Prst char of lexne)
¥ Statt from state 0 again
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¥ Overview

¥ Regular Languagésols
P NFA / DFA

¥ Scanning with D&s

¥ Scanning tools
b Lex / Flex / JFlex
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¥ Automata & Languadéeory

¥ Terminology

b FSA

¥ A recognizer that taéts an input string and determines whethes Hi
valid string of the language

b Non-Deterministic FSA (N#&)
¥ Has seeral alternatie actions ér the same input symbol

b Deterministic FSA (DA&)
¥ Has1 action br any given input symbol

¥ Bottom Line
b expressie pover(NFA) == expressie power(DFA)
P Conwversion can be automated
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& NFA

An NFA Is a mathematical model that consists of :
¥S, a set oftates
¥! , the symbols of thenput alphabet
¥move atransition function.
¥movdstate, symbol)' set of states
¥move: S#!$ {94 " Pow(S)
¥A state, § % S, thestart state

¥F & S, a set ofinal or accepting states
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¥ Repesenting NA

Transition Diagrams : Number states (cicles),

arcs,bnal state€

TransitionTables: More suitable to

CSE244 Compilers

representation within a
computer
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¥ Example NA

S={01,2,3}
$=0
F={3}

| ={ab} What Language Iis debned ?

What is theTransitionTable ?

input %(null) moves possible
a b

%

12} Switch state but do not
{3} use ag input symbol
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W Epsilon-fansitions

¥ Given the regular expession :
¥ Find a transition diagram WRhat recognizes it.

¥ Solution ?

7 o

ool
oo
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¥ NFA Construction

¥ Automatic construction example

¥ a(b*c) —0) g

¥ a(b|c+)? 4.@& |

Build a Disjunction C
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¥ Resulting NK




¥ Working NFA

¥ Gien an input stringyve trace moses
¥ If no moe input & in Pnal statdCCEPT

EXAMPLE: OR-
Input: ababb

move(0,a) =0

move(0,b) =0
move(1,b) =2 move(0,a) = 1
move(2,a) = ? (undebned) move(1,b) = 2
move(2,b) = 3
REJECT ACCEPT!

move(0,a) =1
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¥ Handling Undebnéftansitions

¥ We can handle undebned transitiorysdebning one
more state aOdeathO sta@nd transitioning all
previously undebned transition to this death state
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{7 ) Worse Stl”. .

¥ Not all paths esult in acceptance!

aabbis accepted along path
O# O# 1# 2# 3

BUTE it is not accepted along the valid path
O# 0# 0# 0# O
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# The NFA OPoblemO

¥ Two problems
P Valid input mg not be accepted
P Non-deterministic behaor from run to run...

¥ Solution?
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¥ The DFA SaesThe Dy

¥ A DFA I1s an NFA with a ew restrictions
b epsilon transitions
b For every state sthere from s Dr
ary symbol x in
¥ Corollaries

b Very e$cient to implement a DFA with an
algorithm!

¥ one pass / need to remember only one state
at each state / table-lookup for state change.

b Deterministic behavior
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¥ NFA vs.DFA

¥ NFA

P smaller mmber of states @rfa

b In order to sinulate it requires a |Qiid computation br each
Input symbol.

¥ DFA

b larger umber of states @ra

b In order to sinulate it requires aconstantomputation or
each input symbol.

¥ caseat - generic NE=>DFA constructionQdfa ~2{Qnfg

¥ but: DFA® are perkctly optimizable! (i.eyou can Pnd smallest
possible QAfa)
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¥ One catch...

¥ NFA-DFA comparison
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¥ NFA to DFA Conversion

¥ ldea

P Look at the state eachable without consumingyamput
P Aggegate them irmacbp states

g ,@w@w@g
| !\@_CT@/! |
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¥ Final Result

¥ A state Is bnal
P IFF one of the Ni state was bnal

CSE244 Compilers



¥ Preliminay Debnitions

¥NFA N=(S,)!,s,FMOVE)
¥ "-Closure(s) s" S

b set of states In S that arreachable rm s via" -moves of N
that originate fom <.

¥ "-Closure(T) T &S

¥ NFA states eachable trm all t” T on " -moves onl.
¥move(T,a) :T&S,a"!

¥ Set of states to which theris a transition on input adm
somet" T
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¥ Algorithm

forall(t in T) push(t);
initialize " -closure(T) to T;
while stack is not empty do begin

t = pop();

# u labeled

for each u "' S with edge t

if u is not in " -closure(T)

! adduto " -closure(T);

push u onto stack

CSE244 Compilers
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¥} DFA construction

computing the

%  The set of states

letQ=  "-closure(s ); N
D={Q}): %  The transitions
enQueue(Q)

while queue not empty
I X =deQueue();

| foreacha " ! do
Y = " -closure(move(X,a));
T[X,a]l =Y
if Y is not in D
D=DU{Y}
I 1 I enQueue(Y):
end
end
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¥ Summay

¥ We can
b Specify tokns with R.E.
b Use DR to scan an input andecognize tokn
P Transbrm an NFA into a DFA automatical

¥ What we are missing

b A way to transbrm an R.Einto an NFA

¥ Then,we will hare a complete solution
b Build a big R.E.
P Turn the R.Einto an NFA
P Turn the NFA into a DFA
P Scan with the obtained ¥
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¥} R.ETo NFA

¥ Process

P Inductie debnition

¥ Use the structue of the R.E.
¥ Use atomic automataf atomic R.E.
¥ Use composition rulesof each R.Eexpression

¥ Recall
b RE:="
| l:=sin!
TiETS
tti=Er]s
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W Epsilon Construction

¥RE: ="
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W Symbol Construction

¥RE:=sin!
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¥ Chaining Construction

¥RE:=rs

B DE e
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(¥ Branching Construction

¥RE:=r|s
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¥ Kleene-Closue Construction
¥RE:=r*

<€ D
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¥ NFA Construction Example

¥ R.E.
b (ab*c) | (a(b|c*))
¥ Parselree:
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¥ NFA Construction Example 2

(@b*c) | (a(b|c*))

%
OO0
I
70
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¥ NFA Construction Example 3

(ab*c) | (a(blc*)) o,

Fi2- 111 T1o
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¥ NFA Construction Example 4

(ab*c) | (a(blc*))

ri3:rs| riz
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¥ Overall Summar

¥ How does this all bt together ?

b RegExpr # NFA construction
b NFA # DFA conversion
b DFA sinulation br lexical analzer

¥ Recall Lex Structur /(
%

Yo

P Pattern Action .

P Pattern Action

Yo

b E E

¥ Each patternecognizes lemes
¥ Each pattern describedylregular expession

CSE244 Compilers
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& Morale?

¥ All of this can be automated with a tool!
b LEX The brst lexical angder tool for C
b FLEX A newer/faster implementation C / C++ friengll
b JFLEX A lexer for Ja¥a.Based on same principles.

Compiler
written in Java

Other

Class
\_/-

Other

Lex | JFLex |
Specikcation Compiler
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¥ JFlex Example

example

%class Lexer

%lIline
%column

%function nextToken
%type Token
%eofval{
return new Token(Token.Label.EOF);
%eofval}
%eofclose

%{
public int no_of words = 0;

private Token token(Token.Label type) {
return new Token(type, yyline, yycolumn);

}

private Token token(Token.Label type, Object value) {
return new Token(type, yyline, yycolumn, value);

}
9%}
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JFlex Example page 2

LineTerminator = \r[\nJ\r\n

word = [;jletter:] [:jletterdigit:]*
number = 0 | [1-9][0-9]*
punctuation = \"]"."]"2"[","[""[""["-"

%%
/* Lexical Rules Section

<YYINITIAL> {
" { return token(Token.Label.SPACE); }
"\t { return token(Token.Label. TAB); }
{LineTerminator} { return token(Token.Label.NEWLINE); }
{word} ! ! ! {! String my_word = yytext();
! ! ! ! no_of words++;
! ! char reversed[] = new char[my_word.length()];
! ! for (inti = 0; i< my_word.length(); i++)
! ! ! reversed[i] = my_word.charAt(my_word.length()-i-1);
! ! ! return token(Token.Label. WORD, new String(reversed)); }
{number} {return token(Token Label.NUMBER, new Integer(yytext())); }
{punctuation} ! { return token(Token.Label. PUNCTUATION, new String(yytext())); }

/* No token was found for the input so through an error. Print out an
Illegal character message with the illegal character that was found. */
" { throw new Error("lllegal character <"+yytext()+">"); }

Building this in JFlex results in java class Lexer

CSE244 Compilers



¥ The clas3oken

public  class Token {

public  enum Label { !

! EOF, NUMBERWORPSPACE TAB, NEWLINE PUNCTUATION
J#

Label thislabel

int thisline :

int thiscol

Object thisval ;

public  Token(Label t) {
thislabel =t;
thisline =-1;
thiscol =-1;
thisval = null ;! !

ublic  String toString() {
switch (thislabel ){
case EOE return ™ ;
case SPACE return e
case NUMBER return  thisval .toString();
case WORD return  thisval .toString();
case TAB return "\t" ;
case NEWLINE return "\n" ;
case PUNCTUATION return  thisval .toString();
}

return  "<<invalid token>>"

public Token(Label t, int I, int ¢){
thislabel =t

thisline =1

thiscol =c;

thisval = null ;

!
!
!
}

public Token(Label t, int I, int c,0Objectv){
thislabel =t

thisline =1;

thiscol =c;

thisval =v; !

!
!
!
!
}
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¥ The Driver class

import java.io.File;

import  java.io.FileNotFoundException;
import java.io.FileReader;

import  java.io.lOException;

public  class Driver {

String[] my_args ;

public  static void main(String[] args) {
! Driver d = new Driver(args);

! d.run(); }

public  Driver(String[] args) {
! my_args = args; }

public  void run(){

try {
FileReader fr = new FileReader(  new File( my_args [0]));
Lexer | = new Lexer(fr);

Tokens= null
| I

I
I

I

I

!

! s = l.nextToken();

! System. out .print(s.toString());

! } while (s. thislabel I= Token.Label. EOB;

! System. out .printin( "\n\nScanner done - Words processed =" +1. no_of words );
! catch (IOException e) {

! ! e.printStackTrace();
I

}

!

}

catch (FileNotFoundException €) {

e.printStackTrace();
1o

!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
}

!
|
!
|
!
!
!
|
!
|
!
|
!
!
I
|
!
|
!
|
!
!
!
|
!
|
}
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¥ Example egcution:

Input File:

! "So you're going to go through with it, then," Gandalf the Wizard said
slowly.

! "I am," Bilbo replied. "I've been planning this for a long time.

It'll give the Hobbits of the Shire something to talk about for the next

nine days - or ninety-nine, more likely. Anyway, at least I'll have my

little joke."

! "Who will laugh, | wonder?" Gandalf mused aloud, scratching his
beard idly.

Output:

! "0S uoy'er gniog ot og hguorht htiw ti, neht,” fladnaG eht draziW dias
ylwols.

! "I ma," obliB deilper. "I'ev neeb gninnalp siht rof a gnol emit.

tI'll evig eht stibboH fo eht erihS gnihtemos ot klat tuoba rof eht txen

enin syad - ro ytenin-enin, erom ylekil. yawynA, ta tsael I'll evah ym

elttil ekoj."

! "ohW lliw hgual, | rednow?" fladnaG desum duola, gnihctarcs sih
draeb yldi.

Scanner done - Words processed = 71
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¥ Ahead...

¥ Grammars

¥ Parsing

b Bottom Up
P Top Down
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