1/57

Top-Down Parsing



2157

Top-Down Parsing: Introduction

Problem:




2/57

Top-Down Parsing: Introduction

Problem:

Which rule to use? ‘

X, \/!\ Yy |




2/57

Top-Down Parsing: Introduction

Problem: Basic 1dea:
Table:

(04 a

A

Which rule to use? | ‘ Use rule r: A — x ‘

X, \/!\ Yy |




2157
Top-Down Parsing: Introduction

Problem: Basic 1dea:
Table:
a, a
A

Which rule to use? | ‘ Use rule r: A — x ‘

X, \/!\ Yy |

Question: Could you construct
this table for any CFG?




2/57

Top-Down Parsing: Introduction

Problem: Basic 1dea:
Table:
a, a

A

Which rule to use? | ‘ Use rule r: A — x ‘

X, \/!\ Yy |

Question: Could you construct
this table for any CFG?

Answer: NO
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A Table-Based Selection of a Rule

Which rule to use?

B
| |
IXI ‘a

Table:
oL a

Userule ri: A — X X,... X

T ) e O
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Set First

Gist: First(x) is the set of all terminals that can
begin a string derivable from x.

Definition: Let G = (N, T, P, S) be a CFG. For
every x € (N U T)",we define the set First(x) as
FirstG)={a:aeT,x="ay;ye (NUT)}L

[llustration: y =
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Set First

Gist: First(x) is the set of all terminals that can
begin a string derivable from x.

Definition: Let G = (N, T, P, S) be a CFG. For
every x € (N U T)",we define the set First(x) as
FirstG)={a:aeT,x="ay;ye (NUT)}L

a € First(x)
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L L Grammars without e-rules

Definition: Let G = (N, T, P, S) be a CFG without
g-rules. G isan LL grammar if foreverya e T

and every A € N there i1s no more than one rule
A — X X,..X € P suchthat a e First(X X,...X )
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IHlustration:
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L L Grammars without e-rules

Definition: Let G = (N, T, P, S) be a CFG without
g-rules. G isan LL grammar if foreverya e T

and every A € N there i1s no more than one rule
A — X X,..X € P suchthat a e First(X X,...X )

lllustration: Ruled out in an LL grammar

‘ v | | I\ ‘ | 1
d L1 Xll | d L1 X2I |

a e First(X,X,..X ) a e First(Y,Y,...Y )
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L L Grammars without e-rules

Definition: Let G = (N, T, P, S) be a CFG without
g-rules. G isan LL grammar if foreverya e T

and every A € N there i1s no more than one rule
A — X X,..X € P suchthat a e First(X X,...X )

A

v — |\ T 1
a ‘ T RSTE a ‘ 1 1 X2 Only rule ry:
a € First(X,X,..X ) a e First(Y,Y,..Y )] A= X X...X,
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Simple Programming Language (SPL)

<prog> — begin

<st-list>

<st-list> — <stat> ; <st-list>

<st-list> — end
<stat> —readi

<stat> — write <item>
<stat> — Id:=add ( <item> <it-list>
<it-list> <item> <it-list>

<it-list> —>)
<item> —Int
<item> —id

Note: G¢p IS LL _grammar

Example: | begin
J::ea
J L
WXl

end

d 1i;

:= add (1,

te j;

1);

e SPL
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Algorithm: First(X)
 Input: G=(N, T, P, S) without g-rules
» Output: First(X) forevery X e NU T

» Method:
 for each a e T: First(a) .= {a}
* Apply the following rule until no First set
can be changed:
It A— X X,...X_ € P, then add First(X,) to First(A)
Illustration:
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Algorithm: First(X)
 Input: G=(N, T, P, S) without g-rules
» Output: First(X) forevery X e NU T

» Method:
 for each a e T: First(a) .= {a}
* Apply the following rule until no First set
can be changed:
It A— X X,...X_ € P, then add First(X,) to First(A)
Illustration: =P 3 ¢ First(A)
1) foreacha e T: 2) ey,
First(a) := {a}
because a =Y a

al|=»a e First(X)
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First(_) X) for SPL: Example

be
en
read)
erte)

First
First
First
First

%
%
%
%

fbegin}  First(id)
end} First(int)
read}  First(:=)

write}  First(add

add) :

{ld} First
< mt} First

L First

Ladd} First

i

V G G gy .

Y

N
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irst(_) X) for SPL: Example

First(b = {beqgin} First(id) :={id} First(,) := ﬂg
First(e %5 :+end+ First(int) := fmt} First(() := { +
First read ={read} First(:=) :={:=} First()):=1{)}
First ert) :+Lwr|te} First(add) :+add} First(}) .= {;
<item>—>id € add First(id)  to First <!tem>
<item> — Int P add First(int)  to First(<item>
Summary: First(<item>) ={id, int}
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|rst( X) for SPL: Example
First(b = {beqgin} First(id) :={id}  First() :={
First(e %5 ={end} First(int) := fmt} First(() := f‘(}}
First read ={read} First(:=) :={:=p First()):={)}
First(write ) ={write} First(add) :+add} First(}) :== 4
<item>—>id e P: add Flrstg_g) to F!rst2<!tem>g
<item>—Int € P: add First(int)  to First(<item>
Summary: First(<item>) ={id, int}
<it-list>—>) e P« add First to First2<it—list>g
<it-list>— , ... € P: add First(, to First(<it-list>

summary: First(<it-list>) ={), }
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Summary: First(<stat>) = {id, write, read}
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First(X) for SPL: Example
Id

Summary: First(<stat>)

First(beqin) :={beqin} ={id}  First(,) := ﬂg
First(en %5 ;= {end} = fmt} First(() := { +
First(read) :={read} ={:=}t First()) :={)}
First(write) :={write} = add} First(}) :== 4
<item>—id € P: add FIrst(i id) to F!rst2<!tem>g
<item>—Int € P: add First(int)  to First(<item>
Summary: First(<item>) ={id, int}

<it-list>—>) e P« add First to First(<it-list>
<it-list> -, ... € P: add First(, to First(<it-list>
Summary: Flrst(<|t list>) ={), ,}

<stat> — id .. e P: add First(id)  to First(<stat>
<stat> — write ... € P:  add First write) to First(<stat>
<stat> —>read ... € P: add First(read) to First(<stat>

= {id, write, read}

<st-list> — end € P:
<st-list> —» <stat> ...

Summary: First(<st-|ist>)

add First(end) to First(<st-list>
: add First(<stat>)to First(<st-list>
= {id, write, read, end}

<prog> — begin

. € P:

add First(begin) to First(<prog>)

Summary: Flrst(<prog>) = {begin}
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a(A, a) is blank = ERROR
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Construction of LL Table

(04 a

a(A,a)=A—-> X X,...X,eP
A - If a e First(>X,); otherwise,
a(A, a) is blank = ERROR

Task: LL table for SPL|Ruler: A — X/X,...X, [First(X,)
—T T <prog> — begin ...{beqin}
Id 'nt‘ .= ‘ <st-list> — <stat>..Kid, write, read)]
<prog> id <st-list> — end {end}
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. o <stat> — write...{write
:?:ﬁf:t> | |d (S FII’St(Id) <stat> N |d . {ﬂ}
_ . N <it-list> — , ... {.}
<jtem> | Id e FII’St(Id) <it-list> _)) {)}
Construct the rest <lem> — Int unt}
analogically. Sitem> — 1d idj
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Parsing Based on LL Table: Example

<prog> — begin <st-list> <stat> —id:=add(...
<st-list> — <stat> ; <st-list> 7: <it-list> — , <item> <it-list>

<st-list> —end <it-list> — )

<stat> —readid <ltem> —Int

<stat> — write <item> <item> —>Iid

beglend] rdJwr ] id jint] , | ( ) | : |:= |add

<st-list>

<stat>

<[t-list>

<|tem>
Source program: <prog-

begin write 25; end

L

L_exical
Analyzer
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LL Grammars: Useful Transformations
Generaly: CFG are stronger that LL grammars

[ llustration: ) >

The family of languages The family of languages
generated by LL grammars C generated by CFGs

* Some CFGs can be converted to equivalent LL grammars
Basic conversions:

1) Factorization

2) Left recursion replacement

Note: A rule of the form A > Ax, where Ae N, x e (NU T)"
IS called a left recursive rule.
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Factorization

Idea: Replace rules of the form
Ao xy, A>XY,, ..., A Xy, With

A ->X | - V1, > Vo, eee >V,
where IS a new nonterminal
llustration: A A

N\ N\
A LA OO
X Y X Yy ) Vi,
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Factorization

Idea: Replace rules of the form
A—>xy, A=>XY,, ..., Ao Xy, with
ASDX 7" DY, DY, e, DY,
where IS a new nonterminal

[ llustration: A A

2\ 2\
A LA O
X Y X Yy ) Vi,

Example:

<stat> — write 1d
<stat> — write int
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Factorization

Idea: Replace rules of the form
Ao xy, A>XY,, ..., A Xy, With

A ->X | DV DY, e, —> VY,
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Example:

<stat> — write 1d
<stat> — write int
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Left Recursion Replacement

Idea: Replace rules of the form A > Ax, A >y
wWithA—»y , —>x , — ,where Isa
new nonterminal.

IIIustratlonk\( ‘ [
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Left Recursion Replacement

Idea: Replace rules of the form A > Ax, A >y
wWithA—»y , —>x , — ,where Isa
new nonterminal.

[ llustration:

&\ [

Examp Ie
E > E+T

E—>T
T > T*F
T->F
F— (E)
F—i
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Left Recursion Replacement

Idea: Replace rules of the form A > Ax, A >y

wWithA—»y , —>x , — ,where Isa
new nonterminal.

IIIustratlon A(\( [

Examp Ie

E—)E+T
=7 mmp esTe e ST E S
T T*F
TP o TR TR TS

F— (E) F— (E)
F—i F—i
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LL Grammars with e-rules: Introduction

Why g-rules?

« elimination of the left recursion introduces g-rule

» _g-rules often make the language specification clearer
Simplification of this part:

Assume that every input string of tokens ends with $.

Note: $ acts as an end marker.

Main problem with e-rules: m

Rule r: A — X X,..X_ A‘ ij_‘
| |

Maybe: a ¢ First(A):

Note: We must define other sets: Empty, Follow and Predict.
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Grammar for Arithmetical Expressions

* Ggprs = (N, T, P, E), where
‘N={E,E’, T, T, F},
T={L,+7%()}

P={1:E > TE’, B’ —> +TE’,
B’ > ¢, T > F17,
17> *F17, 17 > ¢,

' F — (E), 'F—>1 }

Example:

(H+ )% +1) € L(Geypra)
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Set Empty

Gist: Empty(x) Is the set that includes ¢ If X derives
the empty string; otherwise, Empty(X) Is empty
Definition: Let G= (N, T, P, S) be a CFG.
Empty(x) = {e} if x =" ¢; otherwise,
Empty(x) = &, wherex e (NU T)",

llustration: x = X,] X} -{X]]




16/57

Set Empty

Gist: Empty(x) Is the set that includes ¢ If X derives
the empty string; otherwise, Empty(X) Is empty
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Illustration: x =
L |
€ €+ g
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Set Empty

Gist: Empty(x) Is the set that includes ¢ If X derives
the empty string; otherwise, Empty(X) Is empty
Definition: Let G= (N, T, P, S) be a CFG.
Empty(x) = {e} if x =" ¢; otherwise,
Empty(x) = &, wherex e (NU T)",

Illustration: x =
L |
€ €+ g
E

X=X X, .. X, =" €

4
Empty(x) = 1€}
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Algorithm: Empty(X)
* Input: G=(N, T, P, S)
» OQutput: Empty(X) forevery X e NU T
» Method:
« for each a € T: Empty(a) .= &
» for each A € N:

If A — ¢ e Pthen Empty(A) := {c}

else Empty(A) .=

* Apply the following rule until no Empty set can be
changed:
*If A—> X X,... X_e Pand Empty(X)) = {e} for all
1=1,..., nthen Empty(A) = {&}
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Previous Algorithm: Illustration
1) for each a e T: Empty(a) := & because a =" ¢
2) foreach r: A > & € P: Empty(A) := {&} because A =g [1]
3) Apply the following rules until no Empty set can be
changed:
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Previous Algorithm: Illustration
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2) foreach r: A > & € P: Empty(A) := {&} because A =g [1]

3) Apply the following rules until no Empty set can be
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«if Ao X X, ... X e P and Empty(X) = {}
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Empty(X) for G,_,...: Example

Gexpr3 - (N’ T’ P’ E)’ Where N - { ) F! T}! T — {|1 +1 *1 (’ )}1
P={ I'E >TE’, ZIE>+TE, 3B >¢ 4T >F

TP *FT°,6: T > ¢, F >(E),5F >i}
Initialization: Emp%y ') ::% Emp{y E)) :{®
= ’ =1&
EmBg *;:: %) Em8t¥ T) = 8
Empty (; =0  Empty(T’) 1= {g
Empty()) =8  Empty(F) =

* No Empty set can be changed.
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Algorithm: First(X)
e Input: G=(N, T, P, S)

* OQutput: First(X) forevery X e NU T

» Method:
« for each a e T: First(a) := {a}
« for each A e N: First(A) .= &
* Apply the following rule until no First set can be
changed:
c If A= X X,.. X X,...X € Pthen
» add all symbols from First(X,) to First(A)
 If Empty(X.) ={e} foralli=1,..., k-1, where k<n
then add all symbols from First(X ) to First(A)
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Previous Algorithm: Illustration

1) for each a e T: First(a) := {a} because a =0 a

2) for each A e N: First(A) := @ (inicialization)

3) Apply the following rules until no First set or Empty
set can be changed:

IfA> XX, ... X X, ...X € P then
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..... ......
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*

.
|
N

L/

[\ aes’
a| = a e First(x,)

L 4
.
]
N
L J

-“’

e First(X,)




22157

First(X) for prm Example

IrSt(E’)
First( * *F FIrst(T)
First (g First

First() ) i First -IE;)

IRIRIRINT
QAN

Initialization: First(i) First(E)
First( + + First
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First(X) for prm Example

Initialization: First(i) := First(E) =
First(+) := + First(E) =
First *; ={*t First(T) =
First (g = i First(T) =
First()) :={)} First(F) =

F—o>ieP: add Flrsté(g ={i to FirstéF;

F— (E) e P: add First(() = to First(F

Summary: First(F) ={i, (}
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First(X) for prm Example

Initialization: E'FS% ) = E'FS{ E)) = %
IrS :: IrS ? -
First *; = *} First(T) =
First (g = i First(T°) =D
First()) :={)} First(F) =
F>leP: add Firsté'(g ?& to FirstéF;
F—>(E) e P: add First to First(F

Summary: First(F) ={i, (}

T°—>*FT’ e P: addFirst (*) ={*} toFirst(T’)
Summary: First(T’) = {*}
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First(X) for G_,,... Example
exp_LS

Initialization: Firsti)) = {1 Ert Eg) =7
First(*} ‘= *} First(T) = &
First( () := First(T) =
First )3 = )i First(F) =

F—o>ieP: add First(i i to First(F

F—(E) € P: add Flrsté(g i& to FirstXFg

Summary: First(F) ={i, (}

T">*FT’e P. add Flrst (*) = {*}
Summary: First(T’) =

to First(T’)

T—>FT’eP: addFirst (F)={i, (} toFirst(T)

Summary: First(T) ={i, (}

E’—> +TE’ € P: add First (+) = {+} to First(E’)

Summary: First(E’) = {+}
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First(X) for prm Example

Initialization: Elrs{ |+) ={0 Iliirs{ E)) = %
Ir'S = Irst(E’ =
First( *) := *} First(T) =0
First (g = i First(T’) =
First()) :={)} First(F) =
F>leP: add Firsté'(g ?& to FirstéFg
F—>(E)eP: addFirst to First(F

Summary: First(F) ={i, (}

T">*FT’e P. add Flrst () ={*} to First(T’)
Summary: First(T’) =

T—>FT’eP: addFirst (F)={i, (} toFirst(T)
Summary: First(T) ={i, (}

E’> +TE’ e P: add First (+) ={+} to First(E’)
Summary: First(E’) = {+}

Euﬁr-nrg;ye Ilzlrst( Ea)dd{lzllr(?}t (T) ={i, (} to First(E)

* No First set can be changed.
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First(X) & Empty(X) for G,,,;: Summary

Gexpr3 - (N’ T’ P’ E)’ Where N - {E! F! T}! T — {|1 +1 *1 (’ )}1
P={ I'E >TE’, ZIE>+TE, 3B >¢ 4T >F
TP *FT°,6: T > ¢, F >(E),5F >i}

Set Empty for Empty(i) =9 Empty EZ =
lxXeNUT EMEMIYZZ EmRE) (g
Empty (g = Empty(T°) = {3
Empty() ) :=O Empty(F) =
Set First for all First(1) :={i} First Ez ={i, (}
XeNUT: g 2 I} Fire %) - i+}(}
First (g = i First(T’) :={*}
First()) :=9¢) First(F) =11, (}

Note: for each a € T: Empty(a) = O, First(a) = {a}



24157

Algorithm: First(X,X,...X )

* Input: G = (N, T, P, S); First(X) & Empty(X) for

every X e NUT; x=XX,...X ,wherex e (NU T)"
» Output: First(X,X,...X )
* Method:
* First(X,X,...X ) := First(X,)
» Apply the following rule until nothing can be added

to First(X, X, ... X ; X, ...X ):
o If Empty(X.) = {e} forall i=1,... k-1, where k <n
then add all symbols from First(X,) to First(X,X,...X )
I Note: First(e) = &

llustratjon:
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o
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Algorithm: First(X,X,...X )

* Input: G = (N, T, P, S); First(X) & Empty(X) for

every X e NUT; x=XX,...X ,wherex e (NU T)"
» Output: First(X,X,...X )

* Method:

* First(X,X,...X ) := First(X,)

» Apply the following rule until nothing can be added

to First(X, X, ... X ; X, ...X ):
o If Empty(X.) = {e} forall i=1,... k-1, where k <n
then add all symbols from First(X,) to First(X,X,...X )

I Note: First(e) =
.rf_ a e Flrst(X S X0)

Ilust
e = Flrst(Xk)
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First(X,X,...X,): Example

Gexpr3 - (N’ T’ P’ E)’ Where N - {E! F! T}! T — {|1 +1 *1 (’ )}1
P={ I'E >TE’, ZIE>+TE, 3B >¢ 4T >F
TP *FT°,6: T > ¢, F >(E),5F >i}

Set Empty & First Empty(E) =@ FIrsi(E) = 1, (¢

forall xeN: ETBRNR) 2 ESn Shi
Empty(T°) = {%} First(T’) :={*}

Empty(F) = First(F) =4I, (}

Task: First(E’T’FET)

1) First(E°T’FET) = First(E’) = {+}

2) First(F’LFET): add First(T’) = {*} to First(E’T’FET)

3Erlgpty§Eé2F"l{§I}éT - add First(F) = {i, (} to First(E’T’FET
) Firs (¢ \\);a Irst(F) = {i, (} to First( )
Empty(E’) = Empty(T°) = {&}

Summary: First(E’T°FET) = {+, *, i, (}
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Algorithm: Empty(X,X,...X )

* Input: G=(N, T, P, S); Empty(X) forevery X e NU T,
X=XX,...X,where x e (NUT)*
» Output: Empty(X,X,...X))
* Method:
« If Empty(X)) = {e} forall 1=1,...,n then
Empty(X,X,...X ) 1= {&}
else
Empty(X,X,...X) =&
I Note: Empty(e) = {&}
IHlustration: [ | H:l
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IIIustration:‘ ‘ \g
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Algorithm: Empty(X,X,...X )

* Input: G=(N, T, P, S); Empty(X) forevery X e NU T,
X=XX,...X,where x e (NUT)*
» Output: Empty(X,X,...X))
* Method:
« If Empty(X)) = {e} forall 1=1,...,n then
Empty(X,X,...X ) 1= {&}
else
Empty(X,X,...X) =&
I Note: Empty(e) = {&}

IIIustration:‘ ‘ \g Empty(X,X,...X ) = {e}
8 8...8
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Empty(X,X,...X ): Example

Gexpr3 - (N’ T’ P’ E)’ Where N - {E! F! T}! T — {|1 +1 *1 (’ )}1
P={ I'E >TE’, ZIE>+TE, 3B >¢ 4T >F

TP *FT°,6: T > ¢, F >(E),5F >i}
Empty(E =]
Set Empty | EmBg EZ) - (s
forall X'e N Empty(T) —
Empty(T°) ={c
Empty(F) =

Task: Empty(E’T°)
Empty(E’) = Empty(T’) = {c}, so Empty(E’T’) = {&}
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Set Follow

Gist: Follow(A) is the set of all terminals that can
come right after A in a sentential form of G

Definition: Let G=(N, T, P, S) be a CFG. For

every A € N, we define the set Follow(A) as

Follow(A) ={a:a e T,S="xAay,x,y e (NUT)}
U{S:S="xA, xe (NUT)}

lllustration:
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Set Follow

Gist: Follow(A) is the set of all terminals that can
come right after A in a sentential form of G

Definition: Let G=(N, T, P, S) be a CFG. For

every A € N, we define the set Follow(A) as

Follow(A) ={a:a e T,S="xAay,x,y e (NUT)}
U{S:S="xA, xe (NUT)}

lllustration:

Al |z,

LX) \/ a :y!\l

S =" xAz =" xAay
ms m s
a € Follow(A) $ € Follow(A)
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Algorithm: Follow(A)

* Input: G=(N, T, P, S);
» Qutput: Follow(A) for every A € N
* Method:
* Follow(S) := {$};
* Apply the following rules until no Follow set
can be changed:
* If A—> xBy € P then
o If v # ¢ then
add all symbols from First(y) to Follow(B);
o If Empty(y) = {e} then
add all symbols from Follow(A) to Follow(B);
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Previous Algorithm: Illustration

1) Follow(S) := {$} |2) Apply the following rules until
no Follow set can be changed:
« if A—> xBy e P then
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Previous Algorithm: Illustration

1) Follow(S) := {$} |2) Apply the following rules until
no Follow set can be changed:
« if A—> xBy e P then

2a) If v # € then add all symbols
from First(y) to Follow(B)
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Previous Algorithm: Illustration

1) Follow(S) := {$} |2) Apply the following rules until
no Follow set can be changed:
« if A—> xBy e P then

2a) If v # € then add all symbols
from First(y) to Follow(B)

2 | Izl\]

a € First(y)
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Previous Algorithm: Illustration

1) Follow(S) := {$} |2) Apply the following rules until
no Follow set can be changed:
« if A—> xBy e P then

2a) If v # € then add all symbols
from First(y) to Follow(B)

2a:

IXI E L1

lé 1
a e Follow(B): a | |Z.\]

.
*

a e First(y)




30/57

Previous Algorithm: Illustration

1) Follow(S) := {$} |2) Apply the following rules until
no Follow set can be changed:
« if A—> xBy e P then
2a) If v # € then add all symbols
from First(y) to Follow(B)

2b) if Empty(y) = {e} then add all
symbols from Follow(A) to

Follow(B)

IXI E L1

lé 1
a e Follow(B): a | |Z.\]

.
*

a e First(y)
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Previous Algorithm: Illustration

1) Follow(S) := {$} |2) Apply the following rules until
no Follow set can be changed:
« if A—> xBy e P then
2a) If v # € then add all symbols
from First(y) to Follow(B)

2b) if Empty(y) = {e} then add all
symbols from Follow(A) to

Follow(B)

IXI E | |
P
a e Follow(B)E‘ _i‘ 12y € €€

8 e First())
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Previous Algorithm: Illustration

1) Follow(S) := {$} |2) Apply the following rules until
no Follow set can be changed:
« if A—> xBy e P then
2a) If v # € then add all symbols
from First(y) to Follow(B)

2b) if Empty(y) = {e} then add all
symbols from Follow(A) to

Follow(B)

IXI E | |
P
a e Follow(B)E‘ _i‘ 12y € €€
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Previous Algorithm: Illustration

1) Follow(S) := {$} |2) Apply the following rules until
no Follow set can be changed:
« if A—> xBy e P then
2a) If v # € then add all symbols
from First(y) to Follow(B)

2b) if Empty(y) = {e} then add all
symbols from Follow(A) to

Follow(B)

IXI E L1

lé 1
ae Follow(B)E‘ _i‘ 1 .\]

8 e First()) a e Follow(A)
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Previous Algorithm: Illustration

1) Follow(S) := {$} |2) Apply the following rules until
no Follow set can be changed:

« if A—> xBy e P then
2a) If v # € then add all symbols

from First(y) to Follow(B)

2b) if Empty(y) = {e} then add all

symbols from Follow(A) to

Follow(B)

X, l?

a e Follow(B); L&
te First(y) ae Follow(B) “a e Follow(A)
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Follow(X) for Gw: Example 1/3

First(E) :={i,(} Empty(E) @ Follow(E) :=J
First(E’) := } Empty E’) ={e} Follow(E’) =J
First(T) ={i, (} Empty = Follow T) =
First(T”) = *} Empty T ) = {3 Follow(T’) .= &
First(F) ={i, (}  Empty(F) Follow(F) =&
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Follow(X) for Gw

First(E) ={i,(} Empty(E)
First(E’) :={+} Empty(E’) :=
Ililrs¥ P) :{ }(} Em E T)) :{
irst(T’ =I* =
First(F) =41, (} Em8t¥ F) 3

: Example 1/3

Follow )
Follow
Follow )
Follow
Follow

0) Follow(E) := {$}
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Follow(X) for Gw

First(tE) :={i,(} Empty(E)
First(E’) :=1+} Empty(E’) :=
et f 0 ST = 6
Irst( 1’ =% =
First(F) =4{i, (} Em8t¥ F) 3

: Example 1/3

Follow )
Follow
Follow )
Follow
Follow

0) Follow(E) := {$}

1) F :
) —)(E‘_')JGP
# €
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Follow(X) for Gw

: Example 1/3

First(E) :={i,(} Empty(E) %]
First(E”) :={+} Empty(E’) ={¢
et f 0 E,
irst(T’ = I* =
First(F) = {1, (} Em8t¥ F) 3

Follow(E)
Follow
Follow )
Follow
Follow

E’) 1=

0) Follow(E) := {$}

DF—(E) P addFirst() = )}
# €

to Follow(E)



31/57

Follow(X) for Gw: Example 1/3

First(E) :={i,(} Empty(E) @ Follow(E) :=J
First(E’) := } Empty E’) ={e} Follow(E’) =J
First(T) ={i, (} Empty = Follow T) =
First(T”) = *} Empty T ) = {3 Follow(T’) := @
First(F) =41, (}  Empty(F) Follow(F) :=

0) Follow(E) := {$}

DF—>(E)eP: addFirst)={} to Follow(E)

# €
Summary: Follow(E) = {$, )}
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Follow(X) for Gw: Example 1/3

First(E) :={i,(} Empty(E) @ Follow(E) :=J
First(E’) := } Empty E’) ={e} Follow(E’) =J
First(T) ={i, (} Empty = Follow T) =
First(T”) = *} Empty T ) = {3 Follow(T’) := @
First(F) =41, (}  Empty(F) Follow(F) :=

0) Follow(E) = {$}

DF—>(E)eP: addFirst)={} to Follow(E)

# €
Summary: Follow(E) = {$, )}

2) E—> TE eP:
e. Empty(e) = {&}



31/57

Follow(X) for Gw: Example 1/3

First(E) :={i,(} Empty(E) @ Follow(E) :=J
First(E’) := } Empty E’) ={e} Follow(E’) =J
First(T) ={i, (} Empty = Follow T) =
First(T’) = *} Empty T ) = {3 Follow(T’) := @
First(F) =41, (}  Empty(F) Follow(F) :=

0) Follow(E) = {$}

DF—>(E)eP: addFirst)={} to Follow(E)

# €
Summary: Follow(E) = {$, )}

2)E—>TE_,e P: add Follow(E) = {3, )} to Follow(E’)
e. Empty(e) = {&}



31/57

Follow(X) for Gw: Example 1/3

First(E) :={i,(} Empty(E) @ Follow(E) :=J
First(E’) := } Empty E’) ={e} Follow(E’) =J
First(T) ={i, (} Empty = Follow T) =
First(T’) = *} Empty T ) = {3 Follow(T’) := @
First(F) =41, (}  Empty(F) Follow(F) :=

0) Follow(E) = {$}

DF—>(E)eP: addFirst)={} to Follow(E)

# €
Summary: Follow(E) = {$, )}

2)E—>TE_,e P: add Follow(E) = {3, )} to Follow(E’)
e. Empty(e) = {&}
E—> T‘_I;’ e P:
%€
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Follow(X) for Gw: Example 1/3

First(E) :={i,(} Empty(E) @ Follow(E) :=J
First(E’) := } Empty E’) ={e} Follow(E’) =J
First(T) ={i, (} Empty = Follow T) =
First(T’) = *} Empty T ) = {3 Follow(T’) := @
First(F) =41, (}  Empty(F) Follow(F) :=

0) Follow(E) = {$}

DF—>(E)eP: addFirst)={} to Follow(E)

# €
Summary: Follow(E) = {$, )}

2)E—>TE_,e P: add Follow(E) = {3, )} to Follow(E’)
e. Empty(e) = {&}
E->TE eP: add First(E£’) ={+} to Follow(T)
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Follow(X) for Gw: Example 1/3

First(E) :={i,(} Empty(E) @ Follow(E) :=J
First(E’) := } Empty E’) ={e} Follow(E’) =J
First(T) ={i, (} Empty = Follow T) =
First(T’) = *} Empty T ) = {3 Follow(T’) := @
First(F) =41, (}  Empty(F) Follow(F) :=

0) Follow(E) = {$}

DF—>(E)eP: addFirst)={} to Follow(E)

# €
Summary: Follow(E) = {$, )}

2)E—>TE_,e P: add Follow(E) = {$, )} to Follow(E’)
e Empty(e) = {¢}
E->TE eP: add First(E£’) ={+} to Follow(T)
# €
E->TE eP:
Empty(E’) = {&}
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Follow(X) for Gw' Example 1/3

First(E) :={i,(} Empty(E) Follow E) =
First(E’) := } Empty E’) = {3 Follow(E’) := &
First Tz =1l L, (}  Empty(T) Follow TZ =
First(T’) :={*} Empty T ) = {3 Follow(T’) .= &
First(F)  :={i,(} Empty(F) Follow(F) =&

0) Follow(E) = {$}

DF—>(E)eP: addFirst)={} to Follow(E)

# €
Summary: Follow(E) = {$, )}

2)E—>TE_eP: add Follow(E) = {$, )} to Follow(E’)
e Empty(c) = {e}
E—>TE eP: addFirst(£’) ={+} toFollow(T)
Eo T‘_;,E:,’8 e P: add Follow(E) = {$, )} to Follow(T)
Empty(E’) = {&}
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Follow(X) for Gw' Example 1/3

First(E) :={i,(} Empty(E) Follow E) =
First(E’) := } Empty E’) = {3 Follow(E’) := &
First Tz =1l L, (}  Empty(T) Follow TZ =
First(T’) :={*} Empty T ) = {3 Follow(T’) .= &
First(F)  :={i,(} Empty(F) Follow(F) =&

0) Follow(E) = {$}

DF—>(E)eP: addFirst)={} to Follow(E)

# €
Summary: Follow(E) = {$, )}

2)E—>TE_,e P: add Follow(E) = {3, )} to Follow(E’)
e. Empty(e) = {&}
E->TE eP: add First(E£’) ={+} to Follow(T)

%€
E—>TE eP: addFollow(E) = {$, )} to Follow(T)

Empty(E’) = {&}
Summary: Follow(E’) = {$, )}, Follow(T) = {+, $, )}
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Follow(X) for Gw Example 2/3

First(E) :={i,(} Empty(E) @  Follow(E) :={8, ;1
First E’) = } Empty E’) .= {8 Follow E’) = $;
FiretiT) i 40 EmiT) = Follow(T) L o
Irst(T’ ={* m = ollow =
First(F) =11, (} Em8t¥ F) 3 Follow(F) =&
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Follow(X) for Gw Example 2/3

First(E) :={i,(} Empty(E) Follow(E) :={$, ;1
First(E’) = } Empty E’) —{3 Follow E’) = $,
Firat P) = *}(} Emp%yT) = {s ESIISM) ; 5 ok
First(F) =11, (} Empty(F) 3 Follow(F) :=

3)E’ > +TE'_eP: add Follow(£) = {3,)} o FoIIOW(E’)
e Empty(c) = {¢}

E’—+TE; eP: addFirst(£) ={+}  to Follow(T)

E > +Té8 e P: add Follow(E’) ={$,)} to Follow(T)

Empty(E’) = {c}
Summary: Nothing is changed
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Follow(X) for Gw Example 2/3

First(E) :={i,(} Empty(E) Follow(E) :={$, ;1
First(E’) = } Empty E’) —{3 Follow E’) = $,
Firat P) = *}(} Emp%yT) = {s ESIISM) ; 5 ok
First(F) =11, (} Empty(F) 3 Follow(F) :=

3)E’ > +TE'_eP: add Follow(£) = {3,)} o FoIIOW(E’)
e Empty(c) = {¢}

E’—+TE; eP: addFirst(£) ={+}  to Follow(T)

E > +Té8 e P: add Follow(E’) ={$,)} to Follow(T)

Empty(E’) = {c}
Summary: Nothing is changed

4HT > FT"_'_,e P: add Follow(T) ={+, $,)} to Follow(T’)
e. Empty(c)

T FT’ e P: dé First(7°) ={*} to Follow(F)
T Ff’g eP:  add Follow(T) = {+, $,)} to Follow(F)

Empty(T°) = {e}
Summary: Follow(T’) = {+, $, )}, Follow(F) ={*, +, $, )}
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Follow(X) for Gw: Example 3/3

First(E) :={i,(} Empty(E) & Follow(E) :={S, ;1

First E’) = } Empty E’) = {8 Follow E’) .= $

E!rSE P) - }(} Em % T°) ':{ ES”SW P) = I % ﬁ
irst(T°)  ={* = -

FirsttF) :={i.'( Em8t¥ F) 3 Follow(F) :={* +§ )}
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Follow(X) for Gw Example 3/3

First(E) :={i,(} Empty(E) Follow(E) :={$, ;1
First(E’) :=1{+} Empty E’) —{3 Follow E’) =15,

E:'}ﬂ P) - *}(} Emp%yT) ={e ESIISH) g ol %’ ﬁ
First(F) :={i (} Empty(F) 3 Follow(F) :={* + $)}

5)T'—*FT,_,eP: add Follow(") = {+, $, )} to Follow(T")
e Empty(c) = {¢}
T'—*F[’, eP: "add First(7”) = {*} to Follow(F)
LI *Ff;g e P:  add Follow(T*) = {+, $, )}to Follow(F)

Empty(T’) = {c}
End: Nothing iIs changed.
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Follow(X) for Gw Example 3/3

First(E) :={i,} Empty(E) @  Follow(E) :={8, ;1

First E’) = } Empty E’) = {8 Follow E’) .= $

st Py ) S Follamtth 1 <)
irst(T’ =1 = W =

FirsttF) :={i.'( Em8t¥ F) 3 Follow(F) :={* +§ )}

5)T'—*FT,_,eP: add Follow(") = {+, $, )} to Follow(T")
e Empty(c) = {¢}
T'—*F[’, eP: "add First(7”) = {*} to Follow(F)
LI *Ff;g e P:  add Follow(T*) = {+, $, )}to Follow(F)

Empty(T’) = {c}
End: Nothing iIs changed.

Summaryv: Follow(E) :={$,
V" Follow Ez) = {$, gé
—ollow T) =1+ 9
Follow(T’) =1+, $,

Sollow(F)

&
N’
—
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Set Predict

Gist: Predict(A — X) Is the set of all terminals that
can begin a string obtained by a derivation
started by using A — X.

Definition: Let G= (N, T, P, S) be a CFG. For
every A — x € P, we define Predict(A — x)
So that
o If Empty(x) = {&} then

Predict(A — x) = First(x) u Follow(A)
oif Empty(x) = & then

Predict(A — x) = First(x)
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Set Predict(A — X X,...X): lllustration

Empty(X, X,.. X ) =& vs. Empty(X,X,...X ) = {&}
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Set Predict(A — X X,...X): lllustration

Empty(X, X,.. X ) =& vs. Empty(X,X,...X ) = {&}
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Set Predict(A — X X,...X): lllustration

Empty(X,X,..X ) =D vs. Empty(X,X,..X) = {e}
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Set Predict(A — X X,...X): lllustration

Empty(X,X,..X ) =©Q vs. Empty(X,X,..X) = {e}
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Set Predict(A — X X,...X): lllustration

Empty(X X, X ) =D vs Empty(X ,..X) ={e}

a e Flrst(x
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Set Predict(A — X X,...X): lllustration

Empty(X X, X ) =D vs Empty(X oK) = {e}

a e Flrst(x
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Set Predict(A — X X,...X): lllustration

Empty(X X,.. X)) =< vs Empty(X 5 X.) = {€e}

a e Flrst(x
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Set Predict(A — X X,...X): lllustration

Empty(X X,.. X)) =< vs Empty(X 5 X.) = {€e}

. : 0
: Al 7,
|
)/ ]
|
\ :
|

a e Flrst(x
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Set Predict(A — X X,...X): lllustration

Empty(X X,.. X)) =< vs Empty(X 5 X.) = {€e}

s : 0
: Al | Z,
|
)/ 1] |
' b 3 U
‘ : € Eeee €
| €

a e Flrst(x
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Set Predict(A — X X,...X): lllustration
Empty(X X,.. X)) =< vs Empty(X oK) = {e}

\= : 0
: Al |7,
|
)/ AX, : \
: L _
\ . € & gla| v,
! g

a e Flrst(x
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Set Predict(A — X X,...X): lllustration
Empty(X X,.. X)) =< vs Empty(X oK) = {e}

\= : 0
: A L <)
|
)/ Xn: \
: L _
\ . & € €ela| |y |
€ J$

a e FIrS’[(X 2 X0) E the current input symbol @ € Follow(A)
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Set Predict(A — X X,...X): lllustration
Empty(X X,.. X)) =< vs Empty(X oK) = {e}

\= : 0
: A L <)
|
)/ xn: \
: l U4 I
\ .: & _e--elal |y |

€ .
a e FIrS’[(X 2 X0) E the current input symbol @ € Follow(A)

summary: |f Empty(X, X,...X ) = {e} then
Predict(A — X X,..X ) = First(Xlxz...Xn) v Follow(A);
otherwise, Predict(A — X, X,...X ) = First(X, X,...X )
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Predict(A — x) for G, ,o: Example 1/2

First(E) :={i,(} Empty(E) := FOHOW E) =15 ;1

First(E’)  :=q+}  Empty(E’) :={e} Follow(E’) := {3,

Firet(T) :i 50 BT :{ Follow(T) :11 3 )}
irst(T°)  ={* = =

FirsttF) :={i.'( Em8t¥ F) 3 Follow(F) :=4% + 5 )}
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Predict(A — x) for G, ,o: Example 1/2

First(E) :={i,} Empty(E) := Follow E) ={5, ;1

First E’) = } Empty E’) = {8 Follow E’) .= $

Za f 0 D) S8 pol) 1 )
irs ’ — k3 m — oliow = qt

FirsttF) :={i.'( Em8t¥ F) 3 Follow(F) :={* +§ )}
E > TF

Empty(TE’) = @ because Empty(T) = &
Predict(l) := First(TE’) = First(T) = {i, (}
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Predlct(A — X) for G, Example 1/2

First(E) :={i,(} Empty(E) := Follow E) :={%, ;1

First(E’) = ) Empty E’) —{3 Follow E’) = $,

it P) = *}(} Emp%yT) ={: ESIISH) e ﬁ

FirsttF)  :={i, (} Empty(F) @} Follow(F) :={* + $ )}
E > TFE’

Empty(TE’) = & because Empty(T) = J
Predict(l) := First(TE’) = First(T) = {i, (}

B> +TE’
Empty(+TE’) = & because Empty(+) = &
Predict(?) := First(+TE’) = First(+) = {+}
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Predict(A — x) for G, ,o: Example 1/2

First(E) :={i,} Empty(E) := Follow E) ={5, ;1

First E’) = } Empty E’) = {8 Follow E’) .= $

i) f 0 EmD, S 2 rlown) 1 £
irst(T°)  ={* = -

FirsttF) :={i.'( Em8t¥ F) 3 Follow(F) :={* +§ )}
E > TFE’

Empty(TE’) = & because Empty(T) = J
Predict(l) := First(TE’) = First(T) = {i, (}
B> +TE’
Empty(+TE’) = & because Empty(+) = &
Predict(?) := First(+TE’) = First(+) = {+}
BE’—> ¢
Empty(e) = {e}
Predict(3) := First(e) U Follow(E’) = 3 U {$, )} = {$, )}
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Predlct(A — X) for G, ,5: Example 1/2

First(E) :={i,} Empty(E) := Follow E) ={%, ;1

First(E’) := ) Empty E’) —{3 Follow E’) = {3,

E:g% P) = *}(} Emp%yT) —{ ESIISH) h %’ ﬁ

First(F) :={i,(} Empty(F) 3 Follow(F) :={* + $)}
E > TE’

Empty(TE’) = & because Empty(T) = J
Predict(l) := First(TE’) = First(T) = {i, (}
B> +TE’
Empty(+TE’) = & because Empty(+) = &
Predict(?) := First(+TE’) = First(+) = {+}
BE’—> ¢
Empty(e) = {e}
Predict(3) := First(e) U Follow(E’) = 3 U {$, )} = {$, )}

T > FT°
Empty(FT*) = & because Empty(F) = &
Predict(4) := First(FT’) = First(F) = {i, (}
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Predict(A — x) for G, ,,: Example 2/2

First(E) :={i,(} Empty(E) := FOHOW E) =15 ;1

First(E’)  :=q+}  Empty(E’) :={e} Follow(E’) := {3,

Firet(T) :i 50 BT :{ Follow(T) :11 3 )}
irst(T°)  ={* = =

FirsttF) :={i.'( Em8t¥ F) 3 Follow(F) :=4% + 5 )}
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Predlct(A — X) for G, Example 2/2

First(E) :={i,(} Empty(E) := Follow E) ={9, ;1

First(E”) = ) Empty E’) —{5 Follow E’) 1= 3,

st Sfy0 Emeh S0 Followt) 108

First(F) :={i_ (} Empty(F) 9} Follow(F) :={* + § )}
T > *FD

Empty(*FT°) = & because Empty(*) = &
Predict(5) := First(*FT°) = First(*) = {*}
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Predlct(A — X) for G, ,5: Example 2/2

First(E) :={i,(} Empty(E) := Follow E) :={%, ;1

First(E’) :={+}_  Empty(E’) :={g} Follow(E’) := {3,

sl Spo D) S g rolod, 1 £
irst(T°)  ={* = =

FirsttF) :={i.'( Em8t¥ F) 3 Follow(F) :={* +§ )}
7> *FT

Empty(*FT°) = & because Empty(*) = &
Predict(5) := First(*FT°) = First(*) = {*}
1’ > ¢
Empty(e) = {e}
Predict(6) := First(e) U Follow(T’) =@ U {+, $, )} = {+, $, )}




37157

Predlct(A — X) for G, ,5: Example 2/2

First(E) :={i,(} Empty(E) := Follow E) :={%, ;1

First(E’) :={+}_  Empty(E’) :={g} Follow(E’) := {3,

D) Sl D S Rl 1 e
irst(T°)  ={* = =

FirsttF) :={i.'( Em8t¥ F) 3 Follow(F) :={* +§ )}
17— *FT°

Empty(*FT°) = & because Empty(*) = &
Predict(5) := First(*FT°) = First(*) = {*}
1’ > ¢
Empty(e) = {e}
Predict(6) := First(e) U Follow(T’) =@ U {+, $, )} = {+, $, )}

'F — (E)

Empty((E)) = & because Empty(() = &
Predict(/) := First((E)) = First(() = {(}
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Predlct(A — X) for G, ,5: Example 2/2

First(E) :={i,} Empty(E) := Follow E) ={%, ;1

First(E’) :=1{+} Empty E’) —{3 Follow E’) =15,

First P) 2 *}(} EmpH) = ESIISH) i e ﬁ

First(F) :={i_ (} Empty(F) 9} Follow(F) :={* + § )}
T S D

Empty(*FT°) = & because Empty(*) = &
Predict(5) := First(*FT°) = First(*) = {*}
1’ > ¢
Empty(e) = {e}
Predict(6) := First(e) U Follow(T’) =@ U {+, $, )} = {+, $, )}

. F - (E)
Empty((E)) = & because Empty(() = &
Predict(/) := First((E)) = First(() = {(}
F >
Empty(i) = &
Predict(8) := First(i) = {i}
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Construction of LL Table

a

a(A, 8) = A = X, X,...X € P if

a(A, ) = || a e Predict(A - X,X,...X,);

otherwise, au(A, a) Is blank.




38/57

Construction of LL Table

(04 a

a(A, 8) = A = X, X,...X € P if

A ' a € Predict(A - X X,...X));
otherwise, au(A, a) Is blank.

Task: LL table for Gexort Rule Predict(r)
i + * ( ) $ E o> TR’ {l, (}
= B’ - +TE] {+}
= B> ¢ {$,)}
T T ->FT | {i,(}
T T - *FT| {*}
= T’ > ¢ {+, $,)}
F—>(E) [ {G
e {i}
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= _ _ B’ > +TE| {+
= | € Predict(1) B’ sy e {$,)}
T T ->FT | {i,(}
T T’ > *FT°| {*}
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(04 a

a(A, 8) = A = X, X,...X € P if

A ' a € Predict(A - X X,...X));
otherwise, au(A, a) Is blank.

Task: LL table for Gexort Rule Predict(r)
i + | * ( ) $ ‘E > TF’ ?,}(}
= _ ) B> +TE {+
= | € Predict(1) B’ sy e {$,)}
- _ _ T ->FT | {i,(}
- | € Predict(4) T +F | 9
= T > ¢ {+,$,)}
F—>(@E) | {¢
F > {i}
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Construction of LL Table

(04 a

a(A, 8) = A = X, X,...X € P if

A ' a € Predict(A - X X,...X));
otherwise, au(A, a) Is blank.

Task: LL table for Gexort Rule Predict(r)
i+ * ( ) $ E >TE | {i,(}
= _ _ E’—> +TEY {+}
= | € Predict(1) B’ sy e {$,)}
- _ _ T >FT | {i,(}
- | € Predict(4) T +F | 9
5 | € Predict(?) Toe AN S))
F—>(@E) | {¢
F - {i}
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Construction of LL Table

(04 . a

| pea—

a(A,a)=A—>XX,...X, ePif
a € Predict(A - X X,...X));
otherwise, au(A, a) Is blank.

Task: LL table for G

Construct the rest
analogically.

exprl
i+~ (] )]s
E . .
- | € Predict(1)
T i e Predict(4)
T’
F I € Predict(d)

Rule Predict(r)
E >TE | {i,(}
B’ —> +TE {+}
B> ¢ {$, )}
T >FT | {i,(}
T > *FT| {*}

T’ > ¢ {+, $,)}
F—>(E) [ {G
F —i {i}
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Parsing Based on LL Table: Example

| | +
= MG DI E >TE 5T >*FT
£ BEP—>+TE’ 017> ¢
T E’—>¢ ' F - (E)
-IE T >FT 8 F o
Question: 1 * 1 € L(Gyypr3)7?
E
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Parsing Based on LL Table: Example

| | +

= MG DI E >TE 5T >*FT
£ BEP—>+TE’ 017> ¢

T E’—>¢ ' F - (E)
-IE T >FT 8 F o

Question: 1 * 1 € L(Gyypr3)7?
E
— —
T E’
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Parsing Based on LL Table: Example

E e E>TE 5T >*FD
E’ BEE—>+TE 0T > ¢
T E’—>¢ ' F - (E)
-IE T >FT’ 8:F i
Question: 1 * 1 € L(Gyypr3)7?
E
—~ —
T E’
\
F T
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Parsing Based on LL Table: Example

||+
= ol W A E>TE 5T >*FT
E’ BEE—>+TE 0T > ¢
T E’—>¢ ' F - (E)
-IE T >FT 8 F o
Question: 1 * 1 € L(Gyypr3)7?
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T E’
\
F 11,\
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Parsing Based on LL Table: Example

| +
= MG DI E >TE 5T >*FT
£ BEP—>+TE’ 017> ¢
T E’—>¢ ' F - (E)
-IE T >FT 8 F o
Question: 1 * 1 € L(Gyypr3)7?
E
—~ —
T E’
\ !
F T ©
(7"
i
| €
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LL Grammars with e-rules: Definition

Definition: Let G=(N, T, P, S) be a CFG. G is an
LL grammar if for everya € T and every A e N
there isnomore thanone A-ruleA— X, X,...X € P

such that a € Predict(A — X X,...X )

lllustration:
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LL Grammars with e-rules: Definition

Definition: Let G=(N, T, P, S) be a CFG. G is an
LL grammar if for everya € T and every A e N
there isnomore thanone A-ruleA— X, X,...X €P
such that a € Predict(A — X X,...X)

Illustration: Ruled out in an LL grammar
Rule r;: Rule r,:
Ay, x S e

|

a € Predict(A = X, X,..X ) a e Predict(A = Y.,Y,...Y )
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LL Analyzer Implementation

1) Recursive-Descent Parsing
« Each nonterminal_is represented by a procedure, which perform

Its analysis: function A: boolean;
Rule r;: begin
A= X X,...X {X, analysis}

{X, analysis}

X analysis}
end

2) Predictive Parsing
* Table-driven syntax analyzer with pushdown

These symbols are
In the pushdown.

Input string
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Recursive Descent: Example 1/4

Procedure GetNextToken;

begin
{ this procedure get the next token to global variable “token’}

end

eForE e N:Rule : E>TE’

function E: boolean; |+ |+ |5
begin E
E := false; _ < = —

if token in ['1', '('] then
{ simulation of rule 1: E > TE" } L

E := T and E1;
end; F
eForT eN:Rule4: T -5 FT
function T: boolean; |
. ’ +
begin | z ( )$
T := false; ~ E
if token in ['i', '('] then = |
{ simulation of rule 4: T —» FT’ } T L 4]
T := F and T1; T

end; F
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Recursive Descent: Example 2/4

eForE’ e N:Rules 2: E> 5 +TE’, 3: E’> > ¢

function El: boolean;
begin il ( )$
El := false; = B . ]
if token = '+' then begin E’l L Oo]O|
{ simulation of rule 2: E’ > +TE"’ } T
GetNextToken; T
El := T and E1; F
else - A ~
if token in [')', 'S$'] then
{ simulation of rule 3: E’ —> &}
El := true;

end;
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Recursive Descent: Example 3/4
eForT° e N:Rules5: T = *FT°, 6: T” > ¢

function T1l: boolean;
begin il ( )$
Tl := false; E
if token = '*' then begin E’
{ simulation of rule 5: 7° —> *FT’ } T2 400
GetNextToken; T
Tl := F and T1; Elsl T 17 T
else P A g
if token in ['+', '")', 'S'] then
{ simulation of rule 6: 7" — &}
Tl := true;

end;
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Recursive Descent: Example 4/4

eForFeN:Rules/:F—> (E), 8:F >
function F: boolean;
begin :
g := false; L+ f* ( )$
if token = '(' then begin E
{ simulation of rule 7: F > (E) } E’
GetNextToken; T
if E then begin T°
FF := (token = "')"); = | =
GetNextToken; —
end; _
end Main body:
else begin
if token = 'i' then begin] GetNextToken;
{ simulationof rule 8: F > 1} if E then
F := true; write('OK')
GetNextToken; else
end; write ('ERROR')
end.

end;
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Recursive Descent: Illustration for i*i$‘
Start:

Input string:

11 %
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Recursive Descent: Illustration for i*i$‘

Start: GetNextToken:
Call E;

Input string:

i i s
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For token = I:

Call F, Call T1
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Recursive Descent: Illustration for i*i$‘

Start: GetNextToken:
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Input string: —Fortoken =1
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T:
For token = I:
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F:
For token = I:
GetNextToken:
Return | RUE;
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T:
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Call F, Call T1
F: T1:
For token =i: || TRUE | | For token =*:
GetNextToken: / GetNextToken:
Return TRUE; Call F,Call T1




46/57

Recursive Descent: Illustration for i*i$‘
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Recursive Descent: Illustration for i*i$‘
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Recursive Descent: Illustration for i*i$‘

Start: GetNextToken:
Call E; E-

Input string: —Fortoken =1

- . Call T, Call E1
HalE

T:

For token = i:

|

CallF, Call T1 —ml
F: ~ \ TN
For token =i: || TRUE | | For token =*:

GetNextToken: / GetNextToken:
Return TRUE; Call F,Call T1

F: / \ T1: -
For token =i: || TRUE | | For token = $:
GetNextToken: J Return TRUE:
Return I RUE;
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Recursive Descent: Illustration for i*i$‘
Start: GetNextToken;

Input string: —Fortoken =1
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For token = I:
Call F, Call T1<
i TRUE |
F: T1:
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Recursive Descent: Illustration for i*i$‘
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For token = i: For token = $:
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Recursive Descent: Illustration for i*i$‘

Start: GetNextToken:
Call E; E-
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T: El:
For token = I:
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Recursive Descent: Illustration for i*i$‘

Start: GetNextToken:
Call E; — g LIRUE |
\

Input string: ~For token = 1.
»Call T, Call E1

‘il*‘i‘$||TRUE|/ [TRUE |
T: El:
For token = I:

For token = $:

Call F, Call T1< Return TRUE;
' [TRUE |
F: T1:
For token =i: || TRUE | | For token =*:

GetNextToken: / GetNextToken:
Return TRUE; Call F,Call T1

F: / \ T1: .
For token =i: || TRUE | | For token = $:
GetNextToken; / Return TRUE;

Return I RUE;
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Predictive Parsing

» Model of table-driven syntax analyzer:

Input string:

‘al‘aZ‘ ‘ail ‘an
Pushdown: 1
X
1‘1_, Table-driven LL Tallole

|
syntax analyzer |

4

Left parse = sequence of rules used in the leftmost
derivation of the input string.

‘-99-‘000
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Table-Driven Parsing: Algorithm
 Input: LL-tablefor G=(N, T,P,S);xe T
» Output: Left parse of x If x € L(G); otherwise, error

* Method:
* push($) & push(S) onto the pushdown;
 while the pushdown is not empty do
e let X = the pushdown top and a = the current token
» case X of:
« X=8%: ifa=3$then success
else error;
e X e T: If X=athen pop(X) & read next a from
Input string
else error;

« X e N: Ifr: X— x e LL-table[X, a] then
replace X with reversal(x) on the
pushdown & write 1 to output
else error;

end
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Table-Driven Parsing: Example

I+ = [ (DIS] Input string: 1 * 1 $

E Pushdown]Input Rule Derivation

E’
T’

Rules:
‘E > TFE’

B> +TE’
B’ —>¢
T =>F
T’ —>*F1T°
T’ —>¢
. F - (E)

F o1
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Table-Driven Parsing: Example

D

$

E’
T’

Rules:
‘E > TFE’

B’ +TE’
EBE’—> ¢
T = F1T

o

*I:T’

1’—>¢
'F —> (E)
F o1

Input string: i *1 $
Pushdown]Input Rule Derivation
$E i*i$| :E o TE’ [E=>TE’
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$E’T’ *I$ |5 T >*FT°| = 1*FT’E’
SE’T’FE *i$
$E°T’F |i$ F > = I*IT’E’
SE’T’I |9

™
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Table-Driven Parsing: Example

D

$

E’
T’

Rules:
‘E > TFE’

B’ +TE’
EBE’—> ¢
T = F1T

o

*I:T’

1’—>¢
'F —> (E)
F o1

Input string: i *1 $
Pushdown]Input Rule Derivation
$E i*i$| :E o TE’ [E=>TE’
$E’T *iI$|4:T > FT = FT’E’
$SE’T’F |iI*i$|8:F > = IiT’E’
$E’T’1 | i*i$

S . ]
$E°T’ IS |5 T > *FT’| = *ETE’
SE’TF£] *i$
$E°T’F |i$ F > = I*iT’E’
SE'TI_ ]IS N
$E°T’ $ TP —>¢ = I*IE’
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$SE’T’F |iI*i$|8:F > = IiT’E’
$ET’1 | 1*1$

L
$E’T’ *I$ |5 T >*FT°| = 1*FT’E’
SETF= | *1$
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$E’T’i\_’i$
$E T’ $ T’ > ¢ = I*IE’
$E° $ B> ¢ = i*
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D

$

E’
T’

Rules:
‘E > TFE’

B’ +TE’
EBE’—> ¢
T = F1T

o

*I:T’

1’—>¢
'F —> (E)
F o1

Input string: i *1 $
Pushdown]Input Rule Derivation
$E i*i$| :E o TE’ [E=>TE’
$E’T *iI$|4:T > FT = FT’E’
$SE’T’F |iI*i$|8:F > = IiT’E’
SE’T’1 | 1*i$

L
SE’T’ *1$ TP *FT’| =>I*FT’FE’
SETF= | *1$
$E’T’F |i$ F i = i*IT’E’
$E’T’i\_’i$
SE’T’ $ T’ > ¢ = I*IE’
$E° $ B> ¢ = i*i
$ $
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Table-Driven Parsing: Example

D

$

E’
T’

Rules:
‘E > TFE’

B> +TE’
B’ —>¢
T =>F
T’ —>*F1T°
T’ —>¢
. F - (E)
F >

Input string: i *1 $
Pushdown]Input Rule Derivation
$E i*i$||:E o TE’ [E=>TE’
$E’T *iI$ |14: T > FT’ = FT’E’
$SE’T’F | iI*i$ |8:F > = IiT’E’
SE’T’1 | 1*i$

L
$E’T’ *1$ |5 T >*FT°| = 1*FT’FE’
SETF= | *1$
$E’T’F |i$ F i = i*IT’E’
$E’T’i\__,i$
SE’T’ $ T’ > ¢ = I*IE’
$E° $ B> ¢ = i*i
$_ $ Success

Left parse:
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Handling Errors: Introduction

Basic idea: Two kinds of errors:
» Unexpected token

 No rule applicable




50/57

Handling Errors: Introduction

Basic idea: Two kinds of errors:
» Unexpected token

 No rule applicable

A wrong token ‘
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Handling Errors: Introduction

Basic 1dea:

A|B

skip to
key

//

IXI

Two Kinds of errors:
« Unexpected token
* No rule applicable

‘ Key

A wrong token ‘
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Handling Errors: Introduction

Basic 1dea: Two kinds of errors:
» Unexpected token

 No rule applicable

B

skip to

‘ Key

A wrong token ‘ Note: a € Follow(A)
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Handling Errors: Introduction

Basic 1dea: Two kinds of errors:
» Unexpected token

 No rule applicable

A wrong token ‘ Note: a € Follow(A)
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Panic-Mode (Hartmann) Error Recovery

* Let Context(A,) =
Follow(A,) U
Follow(A,) v

Follow(A. )

repeat

|+ a = GetNextToken;
{These tokens are skipped}

until a in Context(A,)

If a in Follow(A;) then
continue with parsing from

awrong token | the symbol X..
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Panic-Mode Recovery: Illustration 1/2
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Panic-Mode Recovery: Illustration 1/2

‘ a wrong token ‘
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Panic-Mode Recovery: Illustration 1/2

| awrong token | [TFirst token from Contexi(A,) |
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Panic-Mode Recovery: Illustration 1/2

Let a € Follow(A,).
Then, continue from X,

‘ a wrong token ‘ | First token from Context(A,) |
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Panic-Mode Recovery: Illustration 1/2

Let a € Follow(A,).
Then, continue from X,

‘ a wrong token ‘ | First token from Context(A,) |
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Panic-Mode Recovery: lllustration 2/2
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Panic-Mode Recovery: lllustration 2/2

a wrong token ‘
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Panic-Mode Recovery: lllustration 2/2

S |=A

skip to key

a wrong token ‘ | First token from Context(A,) |
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Panic-Mode Recovery: lllustration 2/2

Let a € Follow(A,).
Then, continue from X,

a wrong token ‘ | First token from Context(A,) |
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Context(X) for Predictive Parser: Variant |

For G=(N, T, P,S),
Context(A) = Follow(A) for every A € N

* Method:
» Let A be pushdown top & no rule is applicable:

* repeat
a .= GetNextToken;
{These tokens are skipped}
until a in Context(A)

 pop A from the pushdown;
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Variant |: Example
<prog>

<st-list>
<stat>

<assign>

<expr>

**id + id ; write id ; end
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Variant |: Example

<prog>

<st-list>
<stat>

<assign>
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Context(X) for Predictive Parser: Variant I

For G=(N, T, P,S),
Context(A) = First(A) U Follow(A) for every A e N

* Method:
» Let A be pushdown top & no rule is applicable:
* repeat

a .= GetNextToken,;

{These tokens are skipped}
until a in Context(A)

o If a e First(A) then resume according to A
else pop A from the pushdown // a € Follow(A)
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Variant 11: Example
<prog>

}St-l ISt>
<s;[at>
<assign>

<expr>

**id +id ; write id ; end
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Variant 11: Example

<prog>

_;ggbhst>
<S;[at>

sexpr>

*1d +1d :; write 1d

end
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Variant 11: Example
<prog>

}St-| ISt>

- write 1d ; end

‘Id> € First(<expr>)
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Variant 11: Example
<prog>

}St-| ISt>

- write | 1d! ; | end

‘Id> € First(<expr>)




