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|wer p}rLD
Lexical Analysis 2

xtOkt 1»2

"CU= p}=Bt=m Ov};Qi |xrLQt u}DUNv ’|wer p}rLD

p}=Bt=m Ov};Qi |xrLQt u}DUNv u=wva x@ |wer p}rLD %1»2 pmW

"OwW|t x=ov =yQDm =Q=m R= OL=w |xr=@vO l} u=wva x@ ‘@vt Om x@ |wer p}rLD QO •

"Ovm|t |Ov@xwQo =yumwD QO =Q =yQDm =Q=m |xr=@vO w Ov=wN|t =Q ‘@vt Om |wer Qop}rLD •

1



wor= w Cer ’umwD 2

Sequence of

Characters
Sequence of

Tokens

QDm =Q=m %Q=O=vat OL=w umwD %Q=O=vat OL=w

|wer p}rLD |xrLQt %2»2 pmW

wor= w Cer ’umwD 2»2

"OwW|t |}=U=vW |wer Qop}rLD \UwD xm Q=O=vat OL=w u} QDmJwm %(Token) umwD •

"OyO|t p}mWD =Q umwD l} xm =yQDm =Q=m R= |=xr=@vO %(Lexeme) Cer •

"Ovm|tXNWt =Q umwD CN=U |ovwoJ xm |=xOa=k %(Pattern) wor= •

"CU= ‘@vt u=@ R h} QaD |xOya x@ Cer h} QaD w umwD h} QaD

H
p=Ft

%O}vm|t xOy=Wt =Q =yv; h}YwD =@ =yCer w =yumwD R= |}=yxvwtv Q} R pwOH QO
example:

TOKEN LEXEME DESCRIPTION

const const language keyword

if if language keyword

relation <,<=,=, <>,>,>= comparison operators

id position, A1, x sequence of letters and digits

num 3.14, 14, 6.02E23 numeric constant

N

umwDl} |=yxY}YN 1»2»2

umwD u; =@ \@DQt C=aq]= %(Attributes) umwDl} |=yxY}YN

< Token,Attributes >

"OwW|t xO=iDU= xtHQD w |wLv p}rLD |xrLQt QO umwD l} |=yxY}YN R= •

"Ow@ Oy=wN |r=N u; |xY}YN ’OW=@ OL=w Cer l} |xOvvmXNWt umwD Qo = •
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3 |wer p}rLD

H
p=Ft

%|wer p}rLD R= xO=U |r=Ft

height := 0.5 * g * t * t (Source) ‘@vt Om
↓

height := 0.5 * g * t * t (Lexemes) =yCer
↓

<id,1> <:=,> <num,1> <*,> <id,2> <*,> <id,3> <*,> <id,3> (Tokens) =yumwD

N

=yxU=vW w =yxS=wO}rm R}=tD 2»2»2

xO=iDU= (Keywords) =yxS=wO}rm |}=U=vW |=Q@ |D@=F |=yxDWQ R= |R=Uxt=vQ@ |=yu=@ R •
... ’else ’then ’if %Ovv=t ’Ovvm|t

p}=k R}=tD =yv; u}@ O}=@ |wer Qop}rLD ’CU=yxU=vW |wor= u=ty ,=k}kO =yxS=wO}rm |wor= xm =Hv; R= •
"OwW

s}yO Q=Qk =yO=tv pwOH |=OD@= QO =Q =yv; s}v=wD|t ’OvW=@ (Reserved) xOW wQRQ =yxS=wO}rm Qo = •
"s}vmXNWt Keyword u=wva =@ =Q =yv; w

pwOH QO Qo = ’OwW|t |}=U=vW (Identifier) xU=vWl} u=wva x@ xDWQl} ’CQwY u}= QO •
"OW=@ xOWv |Q=PoCtqa xS=wO}rm u=wva x@ =yO=tv

u=@ R w xDWQ ’=@ir= 3»2
(Σ) Q}PB=vx} RHD |=yO=tv R= |yD=v w |y=vDt |=xawtHt %(Alphabet) =@ir= •

=@ir= l} |=yO=tv R= |y=vDt |=xr=@vO %(String) xDWQ •

=@ir= l} |=yxDWQ R= |=xawtHt %(Language) u=@ R •

=yxDWQ 1»3»2

xDWQ QO =@ir= |=yO=tv O=OaD %xDWQ pw] •

ǫ QiY pw] =@ |=xDWQ %|yD |xDWQ •

=yxDWQ |wQ C=}rta

%(Concatenation) j=Lr=

"Ow@ Oy=wN xy =yv; j=Lr= R= pY=L |xDWQ ’OvW=@ xDWQ wO y w x Qo = •

%OW=@|t j=Lr= pta |=FvN w[a ǫ •

x ǫ = ǫ x = x
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u=@ R w xDWQ ’=@ir= 4

H
p=Ft

x y xy

key word keyword

java script javascript

identity:
N

%xDWQl} u=wD

x0 = ǫ

xi+1 = xix

xDWQQ} R w OvwUB ’OvwW}B %=yxDWQ |=RH= |Swrwv}tQD

TERM DEFINITION

prefix ofs a string obtained by removing

0 or more trailing symbols ofs

suffix of s a string obtained by removing

0 or more leading symbols ofs

substring ofs a string obtained by deleting

a prefix and a suffix froms

properprefix

suffix, substring ofs

Any nonempty stringx that is, respectively,

a prefix, suffix

or substring ofs such thats 6= x

=yu=@ R 2»3»2

H
p=Ft

• Σ = {0, 1} – a string is an instruction

– The set of M68K instructions

– The set of Pentium instructions

– The set of MIPS instructions

• Σ = the ASCII set –a string is a program

– the set of Haskell programs

– the set of C programs

– the set of VC programs

N
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5 |wer p}rLD

=yu=@ R |wQ C=}rta

L1L2 = {x1x2 : x1 ∈ L1, x2 ∈ L2} Concatenation j=Lr=
L0 = {ǫ} QiY u=wD
Li = Li−1L u=wD
L1 ∪ L2 = {x : x ∈ L1, x ∈ L2} Union ‘=tDH=
L∗ = ∪∞

i=0L
i Star Closure |=xQ=DU Q=DU@

L+ = ∪∞

i=1L
i Positive Closure C@Ft Q=DU@

L∗ = L+ ∪ {ǫ}

H
p=Ft

=yu=@ R |wQ C=}rta R= |}=yp=Ft

& %

• L = {a, . . . , z, A, . . . , Z, }

• D = {0, . . . , 9}

EXAMPLE LANGUAGE

L ∪ D letters and digits

LD strings consisting of a letter followed by a digit

L3 all 3-letter strings

L∗ all strings of letters, including the empty stringǫ

L(L ∪ D)∗ all strings of letters and digits beginning with a letter

D+ all strings of one or more digits

N

|wer Qop}rLD |=yxir-wt 4»2
%CiQo Q_v QO =Q Q} R |xir-wt xU u=wD|t |wer Qop}rLD l} |=Q@

umwD |wor= u=}@ |=Q@ %|wer Qop}rLD |R=UXNWt u=@ R •
=ywor= =@ =yCer j}@]D |xwLv %|wer Qop}rLD sR}v=mt •

|wer Qop}rLD |R=UxO=}B w |Q=PoOm |xwLv %|wer Qop}rLD |R=UxO=}B •
"s} R=OQB|t jwi OQ=wt K} QWD x@ pYi u}= |Oa@ |=yCtUk QO

=yumwD |wor= h} QaD |=Q@ |Q=R@= %s_vt |=yCQ=@a 5»2

%xU=vW umwD |wor= h}YwD |=Q@ s_vt CQ=@a

letter(letter|digit)∗
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=yumwD |wor= h} QaD |=Q@ |Q=R@= %s_vt |=yCQ=@a 6

(Regular Expression) s_vt CQ=@a 1»5»2

%OW=@ xOW xO=O |=@ir= l} Σ xm s}vm|t ZQi

"“|}=OD@= s_vt C=Q=@a” OvDUy s_vt |=yCQ=@a (a ∈ Σ) a w ǫ ’∅ “1

CQwY u}= QO ’OvW=@ s_vt CQ=@a wO r2 w r1 Qo = “2

’r1|r2 •

’r1.r2 •

w r∗1 •

(r1) •

"OvDUy s_vt C=Q=@a sy

|Q}oQ=m@ =@ |}=OD@= s_vt C=Q=@a?}mQD R= =Q u; u=wD@ Qo = \ki w Qo = ’CU= s_vt CQ=@a xDWQl} “3
"OQw; CUO x@ |y=vDt O=OaD x@ 2 uwv=k

s_vt CQ=@al}=@ xOW h}YwD u=@ R 2»5»2

%OwW|t h} QaD Q} R pwOH j@=]t w CU= r =@ \@DQt u=@ R L(r) ’OW=@ s_vt CQ=@a l} r Qo =

L(∅) = ∅

L(ǫ) = {ǫ}

L(a) = {a} , a ∈ Σ

L(r1|r2) = L(r1) ∪ L(r2)

L(r1.r2) = L(r1).L(r2)

L((r)) = L(r)

L(r∗) = (L(r))∗

H
p=Ft

%s_vt |=yCQ=@a R= |}=yxvwtv

Σ = {a, b}

Regular Expression Language

a | b {a, b}

(a | b)(a | b) {aa, ab, ba, bb}

a∗ {ǫ, a, aa, aaa, . . .}

(a | b)∗ Σ∗

N

H
p=Ft

%s_vt CQ=@a l} u=@ R |x@U=Lt R= |=xvwtv
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7 |wer p}rLD

& %

• Alphabet:Σ = {0, 1}

• RE:0(0|1)∗

• Question: What is the language defined by the RE?

• Answer:

L(0(0|1)∗) = L(0)L((0|1)∗)

= {0}L(0|1)∗

= {0}(L(0) ∪ L(1))∗

= {0}({0} ∪ {1})∗

= {0}{0, 1}∗

= {0}{ǫ, 0, 1, 00, 01, 10, 11, . . . }

= {0, 00, 01, 000, 001, 010, 011, . . . }

The RE describes the set of strings of 0’s and 1’s beginning with a 0.

N

H
p=Ft

%=yv; =@ Q_=vDt u=@ R w s_vt CQ=@a OvJ

RE LANGUAGE

1 {1}

0|1 {0, 1}

1
∗ {ǫ, 1, 11, 111, . . . }

1
∗
1 {1, 11, 111, . . . }

0|0∗1 the set containing 0 and all strings consisting

of zero or more 0’s followed by a 1.

N

s_vt |=yCQ=@a |=Q@ |}=yCWwvxDwm 3»5»2

C@Ft Q=DU@
r+ = r.r∗

OwHw O=tv
r? = r | ǫ

%(character class) QDm =Q=m |=yxk@]

[1, 3, 5] = 1 | 3 | 5

[a − z] = a | b | · · · | z
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=yumwD |wor= h} QaD |=Q@ |Q=R@= %s_vt |=yCQ=@a 8

s_vt |=yCQ=@a |=Q@ =yQorta sOkD 4»5»2

s}vm|t xO=iDU= =yQorta sOkD R= ’O=} R |=y|Q=PoRDv=QB R= ?=vDH= |=Q@

sOkDVy=m↓
∗ |=xQ=DU Q=DU@
. j=Lr=
| ‘=tDH=

"OW=@|t ‘=tDH=TBU w j=Lr= x@ u; R=TB w |=xQ=DU Q=DU@ x@ \w@ Qt sOkD u} QDq=@

(Regular Definitions) s_vt |=yh} QaD 5»5»2

%s}vm|t xO=iDU= s_vt |=yCQ=@a |Q=Pot=v |=Q@ s_vt |=yh} QaD R=

s_vt CQ=@a s=v→ s_vt CQ=@a

|=yCQ=@a R= l} Qy s=v w Owtv xO=iDU= =Q jwi h} Q=aD R= |=xr=@vO u=wD|t ’s_vt h} QaD l} QO
"OQ@ Q=m x@ |Qo}O h} QaD QO =Q s_vt

H
p=Ft

%xU=vW |=Q@ s_vt h} QaD

letter → A | B | · · · | Z | a | b | · · · | z

digit → 0 | 1 | · · · | 9
id → letter(letter | digit)∗

“=yQDm =Q=m xk@] R= xO=iDU= =@” pO=at Qw] x@

id → [A − Za − z][A − Za − z0− 9]∗

N

H
p=Ft

%O=Oa= |=Q@ s_vt h} QaD

5230, 3.14, 6.45E4, 1.84E-4

digit → 0 | 1 | · · · | 9
sign → + | − | ǫ

digits → digit+

fraction → (.digits)?

exponent → (E sign? digits)?

num → sign digits fraction exponent

N
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9 |wer p}rLD

s_vt |=yCQ=@a |=H x@ s_vt |=yQt=Qo 6»5»2

xU ‘wv |=yQt=Qo =} s_vt |=yQt=Qo

TmaQ@ w CU= Q_=vDt s_vt Qt=Qo l} =@ s_vt CQ=@a Qy •

"CU= QDxO=U =yv; uOv=wN w OvQ=O |QDxOQWi pmW s_vt |=yQt=Qo x@ C@Uv s_vt |=yCQ=@a •

=yumwD |U=vWR=@ |=Q@ |tR}v=mt %|y=vDt |=D=twD; 6»2

%xU=vW umwD |U=vWR=@ |=Q@ |y=vDt uwD=twD;

0 1 2
∗start letter other

letter

digit

(DFA) |a]k |y=vDt uwD=twD; 1»6»2

x@ ?DQt |}=DGvBl} ’Deterministic Finite Automata (DFA) |a]k Cr=L |y=vDt uwD=twD;
CQwY

M = (Q,Σ, δ, q0, F )

u; QO xm CU=

(internal states) |rN=O |=yCr=L R= |yD=v w |y=vDt |xawtHt %Cq=L |xawtHt Q

(alphabet) |OwQw |=@ir= |xawtHt Σ

w |rai Cr=L T=U= Q@ =Q uwD=twD; |Oa@ Cr=L xm δ : Q × Σ → Q CQwY x@ Cr=L QPo ‘@=D δ

(state transition function) Ovm|t u}}aD |Q=H |OwQw O=tv

(initial state) q0 ∈ Q u} R=e; Cr=L q0

(final states) F ⊆ Q |}=yv Cq=L |xawtHt F

|a]k |y=vDt uwD=twD; |=Q@ xDi=}s}taD Cr=L QPo ‘@=D

δ∗ : Q × Σ∗ → Q

δ∗(q, ǫ) = q

δ∗(q, xa) = δ(δ∗(q, x), a), x ∈ Σ∗, a ∈ Σ

Kazim Fouladi <kazim@fouladi.ir>, 2nd Edition, Fall 2014



=yumwD |U=vWR=@ |=Q@ |tR}v=mt %|y=vDt |=D=twD; 10

xOW xO=O DFAl} \UwD xOW xDiQ}PB |=yxDWQ

|=yCr=L R= |m} QO xhQYt R=TB u} R=e;Cr=L R= ‘wQW =@ Qo = ’OQ}PB|t =Q x |OwQw |xDWQ DFA

"Ovm hkwD |}=yv

δ∗(q0, x) = qf , qf ∈ F

|y=vDt uwD=twD; |}=tvR=@ |=Q@ Cr=L QPo h=Qo

%Cr=L QPo h=Qo

uwD=twD; |=yCr=L %=yxQo •

u; x@ |OwQw u=m}B l} =@ %u} R=e; Cr=L –

xQ}=O wO =@ %|}=yv |=yCr=L –

=yCr=L u=}t QPo ‘@=D %=yp=} •

state A

transition A B
a

start state S
start

final state A

H
p=Ft

u=@ R |=yxDWQ VQ}PB |=Q@ DFA l} %|y=vDt uwD=twD; |}=tvR=@ |=Q@ Cr=L QPo h=Qo R= |=xvwtv
L((a | b)∗abb)

0 1 2 3
start a b b

b b

a

a

a

N
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11 |wer p}rLD

|y=vDt uwD=twD; |}=tvR=@ |=Q@ Cr=L QPo pwOH

"O=OV}=tv u=wD|t R}v pwOH =@ =Q Cr=L QPo ‘@=D

H
p=Ft

0 1 2 3
start a b b

b b

a

a

a

q δ(q, a) δ(q, b)

0 1 0

1 1 2

2 1 3

3 1 0

N

(NFA) |a]k Q}e |y=vDt uwD=twD; 2»6»2

|}=DGvBl} ’Non-deterministic Finite Automata (NFA) |a]kQ}eCr=L |y=vDt uwD=twD;
CQwY x@ ?DQt

M = (Q,Σ, δ, q0, F )

u; QO xm CU=

(internal states) |rN=O |=yCr=L R= |yD=v w |y=vDt |xawtHt %Cq=L |xawtHt Q

(alphabet) |OwQw |=@ir= |xawtHt Σ

Cr=LT=U= Q@ =Q uwD=twD; |Oa@Cr=L xm δ : Q × (Σ ∪ {ǫ}) → 2Q CQwY x@Cr=L QPo ‘@=D δ

(state transition function) Ovm|t u}}aD |Q=H |OwQw O=tv w |rai

(initial state) q0 ∈ Q x}rw= Cr=L q0

(final states) F ⊆ Q |}=yv Cq=L |xawtHt F

|a]kQ}e |y=vDt uwD=twD; |=Q@ xDi=}s}taD Cr=L QPo ‘@=D

δ∗ : Q × Σ∗ → 2Q

δ∗(q, ǫ) = {q}

δ∗(q, xa) = ∪qi∈δ∗(q,x)δ(qi, a), x ∈ Σ∗, a ∈ Σ
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=yumwD |U=vWR=@ |=Q@ |tR}v=mt %|y=vDt |=D=twD; 12

"OW=@ xDW=O OwHw uOwt}B |=Q@ Ov=wD|t Q}Utl} R=V}@ |rmCr=L QO ’NFAl} w xDWQl} uDW=O =@

xOW xO=O NFAl} \UwD xOW xDiQ}PB |=yxDWQ

Cr=Ll} x@ |yDvt Q}Utl} pk=OL u} R=e;Cr=L R= ‘wQW =@ Qo = ’OQ}PB|t =Q x |OwQw |xDWQ NFA

%OW=@ xDW=O OwHw |}=yv

∃qf , qf ∈ δ∗(q0, x), qf ∈ F

H
p=Ft

L((a | b)∗abb) u=@ R |=yxDWQ VQ}PB |=Q@ NFA l}

0 1 2 3
start a b b

b

a

aaabb |xDWQ VQ}PB %p=Ft

N

|a]kQ}e w |a]k |=yuwD=twD; |xU}=kt

"OvQ=O =Q s_vt |=yCQ=@a |xty VQ}PB C}r@=k NFA sy w DFA sy •

"CU= xDWQ u=ty |wQ NFA |=QH= R= QD‘} QU xDWQ l} |wQ DFA |=QH= ,qwtat •
“|@}DQD |=yu}W=t |wQ DFA |R=UxO=}B QO Backtracking OwHw sOa”

"CU= NFA R= QDW}@ |}=tv Qw] x@ ,qwtat DFA |=yCr=L O=OaD •

s_vt CQ=@al} =@ Q_=vDt NFA CN=U 3»6»2

%s_vt CQ=@a l} |xOvQ}PB |NFA CN=U |=Q@ Thompson’s Construction

%pY=L |NFA

"OQ=O |}=yv Cr=L l} ,=k}kO •

"OwW|tv OQ=w u; u} R=e; Cr=L x@ |r=} I}y •

"OwW|tv GQ=N |}=yv Cr=L R= |r=} I}y •

"Ow@ Oy=wN u; =@ Q_=vDt |a]kQ}e |y=vDt |xOvQ}PB N(r) ’OW=@ s_vt CQ=@a l} r Qo =

N(r)
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ǫ
S A

ǫstart

a ∈ Σ
S A

astart

r | s

N(r)

N(s)
S A

ǫ

ǫ

ǫ

ǫ

start

r . s

S N(r) AN(s)
start

r∗

N(r)S A
ǫ ǫ

ǫ

ǫ

start

H
p=Ft

%s_vt CQ=@a l} =@ Q_=vDt NFA CN=U |xvwtv

(0 | 10∗1)∗10∗

&

•

0 1 2 3 4 5 6 7 8 9
start

ǫ ǫ 0 ǫ ǫ 1 ǫ 0 ǫ

ǫ ǫ

ǫ10 15

11 12 13 14

ǫ

ǫ

1
ǫ 0 ǫ

1

ǫ

ǫ

ǫ

N

xOW xO=O NFAl} =@ Q_=vDt DFAl} CN=U 4»6»2

Subset Construction
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"s} Q}o|t Q_v QO NFA |=yCr=L |=yxawtHtQ} R u=wva x@ =Q DFA |=yCr=L •

"Ow@ Oy=wN δ∗(q0, ǫ) Cr=L ’‘wQW Cr=L •

NFA |}=yv |=yCr=L R= |m} pk=OL =yv; QO xm OvDUy |}=yCr=L DFA |}=yv |=yCr=L •

"OW=@ xDW=O OwHw

|=yCr=L |=Q@ NFA QPo ‘@=D Q}O=kt ‘=tDH= ’=@ir= O=tv Qy wCr=L Qy |=Q@ DFACr=L QPo ‘@=D •
"CU=@ir= O=tv u; =@ DFA Cr=L u; QO OwHwt

H
p=Ft

NFA l} =@ Q_=vDt DFA l} CN=U |xvwtv

0 1

2 3

4 5

6 7 8 9 10
start ǫ ǫ

a

ǫ

b

ǫ

ǫ

ǫ a b b

ǫ

ǫ

[0,1,2,4,7] [1,2,3,4,6,7,8]

[1,2,4,5,6,7]

[1,2,4,5,6,7,9] [1,2,4,5,6,7,10]
start

a

b
a

b

a

b

b

a

N

H
p=Ft

NFA l} =@ Q_=vDt DFA l} CN=U R= Qo}O |=xvwtv

&

•

0 1 2 3 4 5 6 7 8 9
start

ǫ ǫ 0 ǫ ǫ 1 ǫ 0 ǫ

ǫ ǫ

ǫ10 15

11 12 13 14

ǫ

ǫ

1
ǫ 0 ǫ

1

ǫ

ǫ

ǫ
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1,2,3,4,5,10

6,7,9,11,12,14 7,8,9,
12,13,140,1,2,5,10

1,2,4,5,10,15

0

0
1

0

0

1 1

1 1

0

start

N

xOW xO=O DFAl} Cq=L O=OaD |R=U st}v|t 5»6»2

"OQ=O OwHw Cq=L O=OaD pk=OL =@ pO=at |DFA l} DFA Qy |=Q@ •

H
p=Ft

D

B CA

E

0

01

0

0

1 1

1 1
0

start

state minimisation

A,D,E B,C
1

1

0

0

start

N

|wer Qop}rLD |R=UxO=}B 7»2
%OW=@ R}J wO s=Hv= x@ QO=k O}=@ |wer Qop}rLD •

=yCer =@ Q_=vDt |=yxDWQQ} R |U=vWR=@ “1
Cer Qy |=Q@ < Token,Attribute > GwR uOv=OQoQ@ “2

=D=twD; =@ p=wQ u}= |xU}=kt QO •

&Ovm|tv |Ov@VN@ =Q u; =t= ’Ovm|t OQ =} OQ}PB|t =Q xDWQ l} =D=twD; “1
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"OwW s=Hv= xO=U uwD=twD; l} |R=UxO=}B R= QDW}@ |Q=m O}=@ u}=Q@=v@ ⇐ “2

%syt Ot=}B wO •

%CU= ‘@vt |xt=vQ@ |Ov@VN@ hOy “1
"OwW|t s=Hv= xrLQt Qy QO umwD l} |U=vWR=@ w CU=Q x@ AJ R= Om uOv=wN =@ Q=m u}=

#xU=vW u=wva x@ position =} pos ’p=Ft |=Q@ %=ys=y@= =@ OQwNQ@ “2

|OwQw uOv=wN 1»7»2

"Ov=wN@ =Q |OwQw O}=@ xm CU= p}=Bt=m R= xrLQt =yvD ’|wer p}rLD •

|Ov@ Qi=@ |=yl}vmD xm CU= |QwQ[ ’|}=Q=m Ow@y@ |=Q@ "OW=@ Q}ou=tR Ov=wD|t |OwQw uOv=wN •

"OQ}o Q=Qk xO=iDU= OQwt ?U=vt

%s}vm|t xO=iDU= |OwQw Qi=@ x@ QoxQ=W= wO R= •

"Ovvm|t xQ=W= ’OwW =O}B O}=@ xm |Der QDm =Q=m u}DUNv x@ QoxQ=W= wO Qy =OD@= QO “1
"OwW |U=vWR=@ Cer xmv}= =D Ovm|t CmQL wrH x@ forward QoxQ=W= “2

Cer u; R= Oa@ xrY=iq@ QDm =Q=m x@ QoxQ=W= wO Qy ’OW VR=OQB jiwt Qw] x@ Cer u}= Qo = “3
"OQm Ovy=wN xQ=W=

E = M * *C * 2 eof

Lexeme_begin

forward

|wer Qop}rLD =D s_vt |=yCQ=@a R= 2»7»2

"s}U} wv|t =Q u; =@ Q_=vDt s_vt CQ=@a ’umwD Qy |wor= |=Q@ “1

"s} R=U|t =Q u; =@ Q_=vDt uwD=twD; ’s_vt CQ=@a Qy |=Q@ “2

%s} R=U|t Q_=vDt =yumwD =@ =Q =yCer ’hrDNt |=yuwD=twD; uOwtR; =@ w s}v=wN|t =Q |OwQw “3

s}v=OQo|tQ@ ?ka x@ =Q forward QoxQ=W= ’s}OQwN CUmW uwD=twD;l} uOQm p=@vO =@ Qo = •
&s}vm|tV}=tR; =Q |Oa@ uwD=twD; w “swO QoxQ=W= R= xO=iDU= =@”

&OwW|t Q=mW; |wer |=]N l} CQwY u}= QO ’OvOQwN CUmW =yuwD=twD; |xty Qo = •
OwW =QH= Ov=wD|t (action)Vvm l} ’Cer l} |U=vWR=@ s=ovy QO •

"“. . . w =yO=tv pwOH QO xU=vW l} OQwmQ uOQm GQO Ovv=t”

=ys=y@= =@ OQwNQ@

%CU= umtt s=y@= xDUO wO ’|wer p}rLD QO

"OwW |U=vWR=@ hrDNt s_vt CQ=@a OvJ =} wO \UwD OL=w Cer l} “1

"Ovm |U=vWR=@ R}v =Q Cer l} R= |WN@ Ov=wD@ OL=w s_vt CQ=@a l} “2
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%O} Q}o@ Q_v QO =Q Q} R s_vt CQ=@a wO “1” =ys=y@= =@ OQwNQ@

R1 → abb

id → letter(letter | digit)∗

"O@=}|t j@=]D id =@ sy w R1 =@ sy abb Cer

%xOa=k
Q=Qk QDwrH CU}r QO xm |t_vt CQ=@a ’OwW|t |U=vWR=@ s_vt CQ=@a OvJ \UwD Cer l} Qo =

"OwW|t xDiQo Q_v QO ’CU= xDiQo

%O} Q}o@ Q_v QO =Q position |xDWQ w =yxU=vW x@ \w@ Qt s_vt CQ=@a “2” =ys=y@= =@ OQwNQ@

id → letter(letter | digit)∗

%Ov@=}|t j@=]D id =@ |oty ’Q} R |=yCer

p •

po •

. . . •

position •

“pw] QFm =OL |SD=QDU=” %xOa=k
"OQ=O =Q umtt pw] u} QDW}@ xm CU= u; umwD l} x@ \w@ Qt Cer

%OQ=O OwHw x=Q wO ’pw] QFm =OL |SD=QDU= |R=UxO=}B |=Q@

“|v}@V}B O=tv” Lookahead =@ =D=twD; R= xO=iDU= %pw= |R=UxO=}B “1

H
p=Ft

=yxU=vW uwD=twD;

0 1 2
∗start letter other

letter

digit

N
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|Q=PoCtqa u; =@ xQo u; |xOvvmlQD |=yp=} xm CU= |QDm =Q=m Qy other ?UJQ@ R= Qw_vt •
"OW=@ xOWv

l} =Q forward QoxQ=W= O}=@ w CU= xOW xOv=wN |i=[= QDm =Q=m l} xm CU= u}= * R= Qw_vt •
"s}v=OQoQ@ ?ka x@ OL=w

VQ}PB sOa x@ uwD=twD; MU=B Q}}eD %swO |R=UxO=}B “2

&s}vm|tv hkwD ’VQ}PB Cr=L x@ uO}UQ =@ •

"s}OQo|tQ@ VQ}PB Cr=L u} QN; x@ ’s}OQwNQ@ CUmW x@ |Dkw •

H
p=Ft

(61.23Express) O=Oa= uwD=twD;

0 1 2 3 4 5 6
start digit . digit E + digit

digit digit digit

E

digit

-

N

x»D»mv
V}=tR; xr=@vO l} QO |Qo}O R=TB |m} =yuwD=twD; xm O} Qw=}@ Q]=N x@” OQ=O C}ty= =yuwD=twD; ?}DQD
"“|r=N pY=wi Ovv=t” OvDUy =yumwD u} QDO=ONQ QB xm O}yO Q=Qk |}=yv; =Q =yuwD=twD; u}rw= %“OvwW|t

=yumwD T=vWR=@ CN=U Ov};Qi 3»7»2

Token Spec using REs

NFA

DFA

minimal-state DFA

table-driven code (JLex) – simulating a DFA on an input
H

p=Ft

id w <= ’< ’if umwD Q=yJ |U=vWR=@ |=Q@ NFA

Kazim Fouladi <kazim@fouladi.ir>, 2nd Edition, Fall 2014



19 |wer p}rLD

N(if)

N(<)

N(<=)

N(id)

S

ǫ

ǫ

ǫ

ǫ

start

NFA p}tmD

1 2 3

4 5

6 7 8

9 10

i f

<

< =

0

LETTER

ǫ

ǫ

ǫ

ǫ

start

LETTER, DIGIT

DFA |R=Ust}v|t w DFA x@ NFA p}O@D

2, 10 3, 10

5, 7 8

10

f

=

0,1,4,6,9

i

<

LETTER but i

start

LETTER, DIGIT

LETTER, DIGITDIGIT
LETTER but f

N
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|wer Qop}rLD |=Q@ X=N p}=Ut 8»2

"Ov=wN@ |OwQw R= R}v =Q |i=[= QDm =Q=m OvJ xm OwW|t Qw@Ht |y=o ’umwDl}X}NWD |=Q@ |wer Qop}rLD
|=yCtUk QO "OvwW xOv=OQoQ@ |OwQw Qi=@ x@ O}=@ umwDX}NWD R=TB xOW xOv=wN |i=[= |=yQDm =Q=m

"s}vm|t xQ=W= ‘w[wt u}= R= OvJ |OQ=wt x@ Q} R

|O}rm C=trm 1»8»2

"“PL/1 Ovv=t” OvDU}v xOW wQRQ |O}rm C=trm ’|R=Uxt=vQ@ |=yu=@ R |NQ@ QO

H
p=Ft

=yQ}eDt |=Q@ |]QW Q=DN=U x@ \w@ Qt |O}rm C=trm =Hv}= QO "OvDUy Q@Dat PL/1 u=@ R QO Q} R CqtH
$Ov=xOW xO=iDU= R}v

if then then then = else;

else else = then;

N

C}ty==@ |r=N |=yxrY=i 2»8»2

"“Algol68 w FORTRAN Ovv=t” OvwW|t xDiQo xO}O=v |r=N pY=wi ’|R=Uxt=vQ@ |=yu=@ R |NQ@ QO

H
p=Ft

QwDUO u}= xmCU}vXNWt s}UQv =t=m QDm =Q=m x@ xm |v=tR =D FORTRAN u=@ R R= Q} R |xrtH wO QO
Q}eDt x@ 1.25 Q=Okt ?=UDv= =} OwW|t =QH= 25 =D 1 R= i Q}eDt |=Q@ xm Ovm|tXNWt =Q xkrL l}

$OW=@|t do10i

do 10 i = 1,25

do 10 i = 1.25

N

|=xDWQ C@=wF 3»8»2

%Ovv=t ’OvwW Q}UiD Qo}O |=xvwo x@ O}=@ |=xDWQ |=yC@=F QO X=N |=yQDm =Q=m

O}OH \N QDm =Q=m •

tab •

‘‘ ’’ pwk pkv Ctqa •

(comment delimiter) C=L}[wD |=yxOvvm =OH •
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|y=vDt Q=DU@ 4»8»2

uwD=twD; =@ xm umwD |wor= Q@ xwqa ’u}=Q@=v@ &OQ=OC}OwOLt =yxU=vW pw] ’|R=Uxt=vQ@ |=yu=@ R |NQ@ QO
"OQm xO=iDU= R}v Cer pw]X}NWD |=Q@ |rtmt sR}v=mt R= O}=@ ’OwW|t |U=vWR=@ |y=vDt

“xU=vW Qy |=Q@ QDm =Q=m 6 QFm =OL %FORTRAN 66 Ovv=t”

|wer |=y=]N 9»2
"OwW|t |}=U=vW |wer p}rLD K]U QO xm CU= |}=]N ’|wer |=]N

"CU= xO=O MQ |wer |=]N ’Ovmv Ck@=]t |vmwD I}y |wor= =@ Cer l} x=oQy •

"“|rLt O}O p}rO x@” O=OX}NWD |wer K]U QO u=wD|t =Q =y=]N R= |tm O=OaD •

(Panic Mode) CWLw Cr=L |SD=QDU= %|wer |=y=]N R= Qw@a 1»9»2

%|wer |=]N R= Qw@a |=Q@ xO=U |SD=QDU= l} Panic Mode

uDi=} x@ QO=k Qop}rLD xm |v=tR =D s}vm|t hPL ?}DQD x@ =Q =yQDm =Q=m xOv=t}k=@ |OwQw R=
"OwW O}OH umwDl}

|QDm =Q=mlD |=y|SD=QDU= %|wer |=y=]N R= Qw@a 2»9»2

"s}vm Qw@a =]N R= ’QDm =Q=m l} Q}}eD =} hPL ’GQO =@ s}vm|t |aU ’=y|SD=QDU= u}= QO

:= x@ :$= p}O@D xv=o}@ QDm =Q=ml} hPL
:= x@ : p}O@D xO=Di= =H QDm =Q=ml} GQO
:= x@ :: p}O@D K}LY QDm =Q=m =@ K}LY=v QDm =Q=ml} |v} Ro}=H
if x@ fi p}O@D =} := x@ =: p}O@D x}=Uty QDm =Q=m wO u=mt Q}}eD

xrY=i u} QDsm |SD=QDU= %|wer |=y=]N R= Qw@a 3»9»2

=]N |xt=vQ@ p}O@D |=Q@ =]N ‘iQ pmW Q}}eD O=OaD pk=OL |x@U=Lt ’xt=vQ@ QO =]N R= Qw@a |=Q@ x=Ql}
"CU= K}LY |xt=vQ@ l} x@

w CU= |Q_v |Q=}at uDW=O Qw_vt x@ xOa=k l} u=wva x@ ’xrY=i u} QDsm |SD=QDU= =@ =]N ‘iQ
"CUq=@ u; |R=UxO=}B |xv} Ry =Q} R &OwW|tv |R=UxO=}B ?re=

u} QtD ◭

"O}vmXNWt =Q OwW|t h}YwD Q} R s_vt |=yCQ=@a R= l} Qy \UwD xm |v=@ R "1

0(0|1)∗0 “;

((ǫ|0)1∗)∗ “?
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(0|1)∗0(0|1)(0|1) “A
0∗10∗10∗10∗ “C

"O}U} wv@ s_vt h} QaD l} Q} R |=yxDWQ xawtHt R= l} Qy |=Q@ "2

xDiQo Q=Qk |}=@ir= ?}DQD x@ =yv; hwQL xm |U}rov= u=@ R hwQL R= pmWDt |=yxDWQ |t=tD “;
"OvW=@

"OvDU}v |Q=QmD skQ |=Q=O xm O=Oa= |=yxDWQ |t=tD “?
"OvDU}v 011 |xDWQQ} R |w=L xm 1 w 0 R= pmWDt |=yxDWQ |t=tD “A

"OW=@ 1 |OQi O=OaD w 0 |HwR O=OaD pt=W xm 1 w 0 R= pmWDt |=yxDWQ |t=tD “C

’Σ = {a, b} |=@ir= |wQ a xU pk=OL w b l} pt=W |=yxDWQ xawtHt |=Q@ "3

"O}U} wv@ s_vt CQ=@a l} “;
"O}vm sUQ =Q u; |xOvQ}PB |NFA ’s_vt CQ=@a |wQ R= “?

"O}vm O=H}= p@k CtUk |NFA =@ pO=at =yCr=L O=OaD pk=OL =@ DFA l} “A

%O}vm |L=Q] Q} R |=yumwD |U=vWR=@ |=Q@ DFA l} "4

= −,= ∗,= +,=,==,=>,<=, <

O}vm CkO "O}vm |L=Q] ?w |=yTQO; =} p}t}= |=yTQO; VQ}PB |=Q@ |y=vDt uwD=twD; l} "5
"OW=@ “.ut.ac.ir pFt” QDq=@ x@DQt =} w “.ac.ir pFt” swO |x@DQt Ovv=wD|t =yxvt=O xm

"“O}vm xO=iDU= pw] QFm =OL |SD=QDU= R= %|}=tvy=Q”

=yxDWQ |wor= h}YwD |=Q@ s_vt CQ=@a l} u=wD|tv ’Q} R |=yu=@ R |=Q@ =QJ xm O}yO K}[wD "6
%OQm =O}B

"OW=@ =yb O=OaD R= QDW}@ u; |=ya O=OaD xm b w a R= pmWDt |=yxDWQ “;
"OvDUy uQ=kDt xm b w a R= pmWDt |=yxDWQ “?

%O}U} wv@ s_vt CQ=@a Q} R |=yu=@ R |=Q@ "7

.OvDUy 5 ?Q[t xm |} wOwO O=Oa= |t=tD “;
.OvDUy 101001 R= QDnQR@ xm |} wOwO O=Oa= |t=tD “?

%O} Q}o@ Q_vQO =Q Q} R xDWQ "8

AcaacbBbAabaAAabbaAacBbABBBBc

%CU= xOQm |}=U=vW =Q Q} R |=yCer u; |=R= x@ |wer Qop}rLD xm

Ac aacbBb AabaA AabbaA acBb ABBBBc

|=Q@ q=@ |=yCer |xr=@vO |}=U=vW x@ QO=k xm O}U} wv@ |wer Qop}rLD |=Q@ =Q |t_vt |=yCQ=@a
w Q=DU@ |=yQorta pt=W O}=@ \ki xOW xDWwv s_vt |=yCQ=@a. OW=@ xOW QmP |OwQw xDWQ

"OvW=@ j=Lr=

|ovwoJ w O}vmXNWt =Q CU= xOW xDWwv C u=@ R x@ xm Q} R Om xmD QO OwHwt |wer |=y=]N "9
%O}vm u=}@ =Q =yv; R= l} Qy =@ OQwNQ@
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1 @include <iostream>

2

3 int main(int argc, char* argv[]){

4 int a;

5 if(argc =+ 1))

6 a = 12.01;

7 else argv[1] = ’salam’;

8

9 int 12num = 3;

10 return1;

11 /*What?

12 }

u=}=B
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