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Homework questions’



lexing, scanning, tokenizing



Characters In:



tokens out.



Example

function identity(x)

{

return x ; // Co

}

ent



Example

FUNCTION ID(identity) LPAR ID§) RPAR
{

return x ; // Comment

}




Example

FUNCTION ID(identity) LPAR ID§) RPAR
| BRACE

return x ; // Comment

}




Example

FUNCTION ID(identity) LPAR ID§) RPAR

| BRACE
RETURN ID£) SEMI

}



Example

FUNCTION ID(identity) LPAR ID§) RPAR

| BRACE
RETURN ID£) SEMI

RBRACE



Lexical specibcation

® Token types
e \Whitespace
e Keywords
e Operators
e Comments
e |dentibers

e Punctuation



ldentibers matchA-Za-z_] [A-Za-z0-9_]*
Delimiters match[ () ;]

Operators match[-*+/~=]

Integers match-7?([1-9] [0-9]1%|0)

Whitespace Is ignored

Comments match #[~\n] *



Formal languages



A formal language Is a
set of strings over an alphabet.



A string IS a sequence
of characters from an alphabet.



Notation

A,! D Alphabets

L D Languag

L ! A’ B Language over alphabeA



Examples

A = {a, b}
L, = {bab, abba}

L, = {a,aa,aaq,...}



Recursively enum:.
CSL
CFL
\\Regua

Undecidable




Recursively enum:. Undecidable
CSL
\\Regua/




Atomic languages















€ — nn



Primitive languages






C

(e}



Operations



Concatenation

Ll L2 {w1w2 w1 I Ll and w2| LQ}



Exercise

L1 — {a, b}

L2 — {C, d_}



Union

Li1" Lo={w:w! Liorw! Ly}



Exercise

L1 — {a, b}

L2 — {C, d_}
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Exercise

{a,b}"



Kleene star

L'= L"
n=0



Exercise

{a, b}



Concatenation,
union,
Kleene sta



Regular
Language



More regular operations



Option

L& L" {1}



Kleene plus

- L"

n=1



Intersection

L. #L={w:w! L;andw! Ly}



Difference

L1$ L, = {WWI L, andW%Lz}



Complement

L={w:w%L}



Reversal



Prepbx

L* = {w; : there existsw, such that w;w, € L}






RegEx => NFA => DF



or, derivatives.



An automaton Is a state machine
that recognizes a formal language.



Formally, a deterministic automaton M is a 5-tuple (A, Q, qo, 9, F') where:

e The set A is an alphabet.

e The set () is a set of control states.

e The control state qg is the initial control state.

e The function! : Q! A" () determines the next state.

e The set F' determines the final (accepting) states.



L (A,Q,00,,F)! A



If P, and ... and P,, then Q.









If P, and ... and P,, then Q.



Qo # F

Il#ﬁ(A7Q7QO7!7F)



w#ﬁ(Aval(QO76)7!7F>

cw# L(A,Q,q,!, F)



Example 4.2. The automaton (A, Q, 0o, !, F), where:

A= {0} | (@,0) = &
Q= {o &) ' (@,0) = &
F = {a}.

IS depicted graphically as:
0

/N

_ %E%
and it accepts exactly the set of strings with odd lengthN 0, 000 00000Q. . .}.

0



Formally, a nondeterministic automaton M is also a 5-tuple A, Q, go, !, F) where:

¥ The setA is an alphabet.

¥ The setQ is a set of control states.

¥ The control state p Is the initial control state.

¥ The function! : Q! (A" {"})# P (Q) determines the next state.

¥ The setF determines the Pnal (accepting) states.



1 :Q! A" O

QP (AL #P (Q)



"’ $ L(A,Q,Ck),!,F)



w$L(AQ,q,!,F) q3$!(qp,C

cw$ L(AQ, 0!, F)



w$ L(AQ,q,!,F) q9$!'(m")

w $ L(A,Q,Qo,!,F).






RegEx => NFA

e Empty language

® Empty-string singleton
® One-character singleton
e Concatenation

e Union

® Repetition



NFA => DFA

Thompson subset construction.



Example: NFA => DF

/8&(7 RS “"ﬁ& (



Example: NFA => DF
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RegEx => NFA => DF






Matthew Might
University of Utah
matt.might.net




Matthew Might
University of Utah
matt.might.net



Matthew Might
University of Utah
matt.might.net



Matthew Might

D e rlvatlves University of Utah

matt.might.net



Midterm: Feb 23



Derivatives of Regular Expressions

JANUsZ A. BRzZoZOWSKI

Princeton University, Princelon, New Jerseyt

Abstract. Xleene’s regular expressions, which can be used for describing sequential
circuits, were defined using three operators (union, concatenation and iterate) on sets of
sequences. Word descriptions of problems can be more easily put in the regular expression
language if the language is enriched by the inclusion of other logical operations. However,
in the problem of converting the regular expression description to a state diagram, the exist-
ing methods either cannot handle expressions with additional operators, or are made quite
complicated by the presence of such operators. In this paper the notion of a derivative of a
regular expression is introduced and the properties of derivatives are discussed. This leads,
in a very natural way, to the construction of a state diagram from a regular expression
containing any number of logical operators.
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containing any number of logical operators.









1. Filter
Keep every string starting wito.

2.Chop :
Removec from the start of each



D {

foo frak bar




foo frak






Recognition algorithn

e Derive with respect to each character.

e Does the derived language contaih



foo ! (foo)*



oo |




00 | Df(foo)*



oo ! o0o(foo)*



oo ! oo(foo)*



o |



c |




e | (foo0)*



abstract class RegEx {

public abstract RegEx derive(char c) ;
public abstract boolean isNullable() ;

public boolean matches(String s) {
if (s.length() == 0)
return this.isNullable() ;
else
return this.derive(s.charAt(0)) .matches(s.substring(1)) ;



Deriving atomic language






class Primitive extends RegEx { public Primitive(char c)
class Blank extends RegEx { public Blank() ... }

class Empty extends RegEx { public Empty() ... }

}









class Empty extends RegEx {

public RegEx derive (char c) {
return RegEx.empty ;
+



abstract class RegEx {

public abstract RegEx derive(char c) ;
public abstract boolean isNullable() ;

public boolean matches(String s) {
if (s.length() == 0)
return this.isNullable() ;
else
return this.derive(s.charAt(0)) .matches(s.substring(1)) ;

public static final RegEx empty = new Empty() ;
public static final RegEx blank = new Blank() ;

}



D (1)



D(!) = !



class Blank extends RegEx {

public RegEx derive (char c) {
return RegEx.empty ;
+



D.{c} =¢€



D.{c} =¢€
DAY =0if c# ¢



class Primitive extends RegEx {

public RegEx derive (char c) {
if (c == this.c)
return RegEx.blank ;
else
return Regkx.empty ;



Deriving regular language






class Choice extends RegEkx
{ public Choice(RegEx thisOne, RegEx thatOne)

class Sequence extends RegEx
{ public Sequence(RegEx first, RegEx second)

class Repetition extends Regkx
{ public Repetition(RegEx internal) ... }

}

}



D.(L1 U Ly)



={w:cw € L1 U Ly}
={w:cw € Ly or cw € Ly}
={w:w € D.Ly orw € D.Ly}
={w:we DL} U{w:we DLy}
= D.LiUD_.L,.



class Choice extends RegEx {

public RegEx derive (char c) {
return new Choice(thisOne.derive(c),
thatOne.derive(c)) ;



D.(L")



Do(L*) = (D.L) - L’



class Repetition extends RegEx {

public RegEx derive (char c) {
return new Sequence(internal.derive(c),this) ;

}



Concatenation?



DLy - Ly) = (DL, - L)






Needs nullability



(L)= "if"1 L
(L) = " if " #IL



D.(Ly - Lo)



DLy - Ly) = (DL, - Ly)



D.(Ly - La) = (Dcly - La) U (6(L1) - DeLo)



class Sequence extends RegEx {

public RegEx derive (char c) {
if (first.isNullable())
return new Choice(new Sequence(first.derive(c),
second) ,
second.derive(c)) ;
else
return new Sequence(first.derive(c),second) ;



To recognize?



Need nullability



Need nullability



Need to computeaullability






class Primitive extends RegEx {

public boolean isNullable () { return false ; }

class Blank extends RegEx {

public boolean isNullable () { return true ; }

class Empty extends RegEx {

public boolean isNullable () { return false ; }



(L1 L2) = 1(La) " I(L2)
'(Lialo) = I(L1)al(L2)

(L=



class Choice extends RegEx {

public boolean isNullable ()
{ return thisOne.isNullable() || thatOne.isNullable ; }

class Sequence extends RegEx {

public boolean isNullable ()
{ return first.isNullable() && second.isNullable ; }

class Repetition extends RegEx {

public boolean isNullable () { return true ; }



But, thereOs more!



D.(Ly! Lp) =



Dc(L1! L) = De(L1) ! De(L2)



Dc(l—l | |—2)



Dc(L1! Lo)= De(L1)! De(L2)









What about nullability



(Ly! Ly)=



(Lot L2)= I(La) ! T(L2)



I(Ly! Ly)=



(La! L2)= I(La) ! H(L2)









lex



flex



lexical spec => lexer



ldentibers matchA-Za-z_] [A-Za-z0-9_]*
Delimiters match[ () ;]

Operators match[-*+/~=]

Integers match-7?([1-9] [0-9]1%|0)

Whitespace Is ignored

Comments match #[~\n] *



How lex works



foo.l

1y
0-9]+ return 1;
A-Z]+ return 2;
C \t\n] {3}

toto

“RRIR—



foo.l

Y/
0-9]+
A-Z]+
C \t\n]
Y/

return 1;
return 2;

1}

lex.yy.cC

int yylex() {

* =



defs, opts, decs
fo/s

rules

fo/s

(' code



Debnitions



name Tregex



{name}



digit [0-9]
int  {digit}t+

alpha [A-Za-z_]
alnum {alphal}|{digit}
id {alphat{alnum}*



Options



loption case-insensitive



loption yylineno



soption noyywrap



Declarations



Al
C code

I}



s state; statey ...

x state; stater ...



Rules



pattern{ action}



<state> pattern{ action}



If INn Statestate,
andpattern matches the longest prepx,
then performaction.



hS sState

fo/s

pat action

<state > pat action



hx state

Iolo

pat action

<state > pat action



Actions



1}



return token_type ;



BEGIN(state) :



ECHO;



REJECT ;



Example

¥ <MAIN> O(O { return(LPAR) : }

¥ <MAIN> 0)O { return(RPAR) ; }

¥ <MAIN> O/*O { BEGIN(COMMENT) ; }
¥ <COMMENT> O*/O { BEGIN(MAIN) ; }
¥ <COMMENT> . {}



Matching length

® Suppose the pattermfoo)*

e How many ways can match:
fo00000000000000000



Options

e Shortest match

® | ongest match



Longest match

Given a stringv and a set of regular expressioRs
which regex can match the longest prebxnot



Algorithm

NasveRemoveLongestMatch(w! A*,R | 2 A
suffix ! w
while (w " ")
If "LT R:" L
suffix ! w
c:w!w
RID ¢R
return suffix



Algorithm

RemovelLongestMatch(w! A*,R | 247
suffix I'w

while(R " #orw " ")

If "LT R:" 1L
suffix ' w

c:w!lw

R!D cR-{ #}

return suffix



Example

RegEXx: fo*
RegEX: foobar
RegEX: foob

Input string: foobarbaz



Examples



3l

int num_lines = O, num_chars = O;

o}

Tolo
\n ++num_lines; ++num_chars;
: ++num_chars;
Tolo
int main(int argc, char*x argvl[]) {
yylex () ;
printf ("# of lines = %d, # of chars
num_lines, num_chars );

— %d\n",



