T —>/R
— g alc
R = e,
R — (RbR
0 2N
o 1)
£
T — R
T — alc
R —
R — (@R)
Uvb\wh‘%«mus

- G_E_):?:.ZCC > Salce

a o
= badiec “hi
= aaRbRcc Teollec
= aaRbRDbRcc oo bbR .
= aabEbRCC )c& LL_’DR(C
= aabRbRbRcc ~o. bbbcc
= aabbRbRcc Tl L
= aabbbRcc Y Y
= ’ﬁ”m«.ﬂ
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Definition.3:2 A symbol c is inif and only if o0 = EB for some (possibly
empty) sequence 3 of grammar symbols, awd ~(RST (. N—s )= FIRST ).

2.3
Definition 33 A sequence o of grammar symbols is Nullable (we write this as

Nullable(a.)) if and only if . =€, o4 &f""OJ/Uoﬁm N o iy
oAl Wollabl of Nollable (u)

Algorithmz&4
Nullable(¢) = true
Nullable(a) = false :
Nullable(ap) = Nullable(o) A Nullable(P)
Nullable(N) = Nullable(o)V ...V Nullable(o,),

where the productions for N are
N—o, ... ,N—o,



ol
eT
R
R — DR

alc

L1l

G ot ) G

Nullable(T) Nullable(R) \ Nullable(aT c)

Wollobl, (R) v Motloble (o )a Molledle ( TYA VVUIL.,LL@

Mo llobly (&) v (fotec n N vllable (T) 1 folke)
Nu,(.né(e [Q)
\-———§

Nullable(€) V Nullable(bR)
trve v Nulle bl (L @) = drue

Nonterminal N\

T ]‘Zz/l; 7 false t'r/u_; true /
R (@i rue true

ARSI E I

Nullable(R)

(1l




Production Nullable

T — R true 5 becarse £z Nellonly

T —alc  false ) becovee o Tr ¢ Mollob

R — true ok

R—> bR  false |
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Algorithm.35
FIRST(e) = 0
FIRST(a) = {a}
B FIRST()) UFIRST(B) if Nullable(a.)
FIRST(ap) = { FIRST () if not Nullable(o.)
FIRST(N) = FIRST(0y)U...UFIRST(at,)
where the productions for N are
N—o, ... ,N—o,
|
FIRST(T) = FIRST(R) U FIRST (aT c) T — R
= FIRST(R) U FIRST (a)
= FIRST(R) U {a) I — alc
FIRST(R) = FIRST() U FIRST(bR) R —
= U FIRST (b)
= (b} R — DR
Fig. 2.16 Fixed-pont Nonterminal  Imitialisation Iteration 1 lteration 2 lteration 3
iteration for caleulation of _ ~
. T 0 {fa} {a,p} {a,b}

e R 0 o} b ()




~ Fig. 2.16 Fixed-point Nonterminal Initialisation Iteration 1 Iicration 2 licration 3

iteration for calculation of |
— T () {a} {a,b} {a,b}
- R 0 o} {b}  {o}

- Production FIRST

T > R (b}
— T'=aTe 1)
— R— @ -

~ R —>DbR {b}




&have so far simply chosen a nullable production if and only if no other
choice is possible. This 1s, however, not always the right thing to do, so we must
change the rule to say that we choose a production N — o on symbol ¢ if one of

the two conditions below are satisfied:

1) ¢ € FIRST(q).

2) ois nullablc{ and ?hg sequence Nc can occur somewhere in a derivation start-

ing from the start symbol of the grammar.
L ————
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Definition 3.6 A terminal symbol a is in FOLLOW(N) if and only if there is

a
Aovivsmtimm frnn tho otrrt cvimhhnl C AL tho ovamnimarar crinh that © 8 AW AR il paen v
acrivuirio JIUI LLrie Searit o woutL o UJ Lre SIUJ unadr sucrt treidt O — Wy IJ, wriere w
and B are (possibly empty) sequences of grammar symbols. I

To correctly handle end-of-string conditions, we want to detect if § = aN, i.e.,
if there are derivations where N can be followed by the end of input. It turns out to
be easy to do this by adding an extra production to the grammar: ~

/

e casytodothis by addm
@Sﬂs

where S’ is a new nonterminal that replaces S as start symbol and $ is a new terminal
symbotrepresenting the end of input. Hence, in the new grammar, $ will be n
“FOLLOW(N) exactly if S’ = oN$ which is the case exactly when S = aN.
The easiest way to calculate FOLLOW is to generate a collection of set con-
straints, which are subsequently solved to find the least sets that obey the con-
Straints.
&

A production
M — aNp

f\ ——s\
generates the constrainGIRST(B) C FOLLOW(N)/since P, obviously, can follow
N. Furthermore, if Nulla fOTT also generates the constraint

FOLLOW(M) C FOLLOWTNT (note the direction of the inclusion). The reason
is that, if a symbol ¢ is in FOLLOW(M), then there (by definition) is a derivation
§" = yYMcd. But since M — ouN 3 and [ is nullable, we can continue this by YMcd =
YON 9, so ¢ is also in FOLLOW(N).




. T'—T
The steps taken to calculate the follow sets of a grammar are, hence:
' — R
1. Add a new nonterminal §' — S$, where § is the start symbol for the original
~ grammar. S’ is the start symbol for the extended grammar. I' — aTc
2. For each nonterminal N, locate all occurrences of N on the right-hand sides R —
of productions. For each occurrence do the following: R — /va R L 6
2.1 Let P be the rest of the right-hand side after the occurrence of N. Note
that § may be empty. In other words, the production is of the form E
M — aNP, where M is a nonterminal (possibly equal to N) and o and U /x| A
M——:ﬂ .
B are (possibly empty) sequences of grammar symbols. Note that if a O( R /3 M (j l ) e B)
right-hand-side contains several occurrences of N, we make a split for

eaCH occurrences

@ m = FIRST(B). Add the constraint m C FOLLOW(N)) to the set of P€Odu¢t10n Constraints
constraints. If B is empty, you can omit this constraint, as it does not (i & {$} CF OLLOW(T)

add anything. F OLLOV[L(T_) CF OLLOW(]Q‘

2.3 If Nullable(B), find the nonterminal M atthe, lg the pro- —alc mLLOW(T)

duction and add the constraint FOLLOV IFOLLO IfM= R _:(‘0\, o |

N, you can omit the constraint, as 1t does irot add anything. Note that if b@

B is empty, Nullable() is true. ’\_/ \@_) R .{i} CF OLLOW(RL’ F OLLOW(R) CF OLLOW(R)
> 3. Solv;: the constraints using the following steps: R b R

u
3.1 Start with empty sets for FOLLOW(N) for all nonterminals N (not in- x L
cluding §'). %’ N ) Fi RS T B o LB}

3.2 For each constraint of the form m C FOLLOW(N) constructed in step
2.1, add the contents of m to FOLL . R \") R 2
3.3 Iterating until a fixed-point is reached, for each constraint of the form ~~
FOLLOW(M) C FOLLOW(N), add the contents of FOLLOW(M) to

-
“FOLLOW(N). =~ o ;\/ (> tS)UUH, VA({’




Production | Constraints

T"—T$ |I{$} € FOLLOW(T)

T —R FOLLOW(T) C FOLLOW(R)
T —alc |{c}CFOLLOW(T)

R—
R — RbR |{b})C FOLLOW(R), FOLLOW(R) C FOLLOW(R)

FOLLOW(T)

2 ({8, c}
FOLLOW(R) 2

J;

and then iterate calculation of the subset constraiits. The only nontrivial constraint
is FOLLOW(T) C FOLLOW(R), so we get

FOLLOW(T) }42
FOLLOW(R) 2 {$,c,b}

Now all constraints are satisfied, so we can replace subset with equality:

FOLLOW(T) = {$,c}
FOLLOW(R) = {$,c,b}



LL{[) P\svrs\'w&
[w LL//) PW&H/M Lo oot 4 ,Dfod/uébém A = M(_J{

e ¢ c FIRST (o), or

o Nullable(e) and ¢ € FOLLOW(N), whuw ¢ i €l mart bup ot spadol.
L .'__L_g/‘['v‘fp— ﬁ}gk‘k M—e—i»l'(

L Leffmast dorivedse
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A

i @ *a'" or inmput = ‘b’ or input = *$’ then [ —>
parseT() ;@atch('$’)) C/A' S r&.‘ n,u&f"l f !

else reportError ()

Syyunbod & wou Sv, I' — R
function pars y e‘( T T g
-—7? if _in hen j< — a__‘C

parseR () ]Q

else 1 fah then . —
match("a’) ; ’5@’ match (" c’) B

else reportError|—< Ie — I)Ie

—

function pars g =
if input = *¢’ or input = *$" then

(» do nothing, just return )

else if input = b’ then

else reportErro

Fig. 2.17 parser for Grammar2.9

Ep = owy




function parseT’ () =
if input = 'a’ or input = ’b’ or input = ’$’' then
— let tree = parseT() in
match("$°);
return tree
else reportError()

function parseT() =

if inplE = "B’ or input = "¢’ or input = ’$" then
T let tree = parseR() in
S - retur ode ("T7, [tree])
L else if in = ‘a’' then
match('a’) ;
1 let tree = parseT() in
- match (el ; 7
retur de (‘T*, [tNode(‘a‘’),tree,tNode(’c’)])
- else repo ror () —_—
- function parseR(}) =
— ) if input = 'c’ or input = '$' then
— return ode('R", [])
— else if input = b’ then
| match(*b’) ;
~ let tre arseR() in
- retu de ("R", [tNode('b’),tree]) .
— else repo ror () -

. Fig. 2.18 ( Tree-building ive descent parser for Grammar 2.9




(N 4 @wb"c&h qvl ;71'»\‘97”1 (hf on

T bl Vi firgedh NT4 @ \eft
v /17 mpu stack
o) T'— T4 P siele)
a b C $ DT - R aabbbcc$ I
T'\\LL=T$ T'—T$ T"=T$  2)7 . a7 aabbbcc$ $
T |T — aTlc T'—R T-—R }) R — aabbbcc$ | aTlc$
R R—bR R— R— }‘)R — bR abbbcc$ Tc$

abbbcc$ acc$

TOTESaTedSealecfl oafecd (Bbbecs &

" y A 2 bbbcc$
oD oo b R(c,f — Lb Rec$ "")’LLRCC$;”‘LLLQ# bbbcc$ | bRcch
bbcc$ | Rcc$
stack := empty ;rggggizilizifki
while stack <> empty do bbcc$ | bRech
if top(stack) is a terminal then bcc$ .RCC$
]mat??{togfsiackz} ; E?ptstacf) } bcec$ bRCC$
else if table(top(stack),input) = empty then
reportError cc$ ‘RCC$
) else cc$ cc$
rhs := rightHandSide (table (top(stack),1input)) c$ c$
pop(stack) ; $ $

pushList (rhs, stack)

Wrn o vl o d Yo, L (1D por ey




stack := empty ; push(T’'-node, stack)
while stack <> empty do
if top(stack) is a terminal then
match (top(stack)) ; pop(stack)
else if table(top(stack),input) = empty then
reportError
else
terminal := pop(stack) ;
rhs := rightHandSide(table (terminal,input)) ;
children := makeNodes (rhs):;
addChildren (terminal, children);
pushList (children, stack)

Fig. 2.22 EggEggéﬁggpnuymmfhrmhhﬂhhmnllillmuﬁng




Con flocts  (SeATon 2 1.3)

12 Rewriting a grammar for LL(1) parsing

. . . _ . N,
Eliminating left-recursion B~
N —>@O€1 N — BN ESEF+ Esnum £
70V - : '[.'0 N : . EsfkE % :é E—I—9£"f£/
NS New )y BE Eexs
N — B : '
N, — o, N,

N — Bn N, —




A w’(d\“’ M’W\#& 07/ (e f" ve cvrSim elimvmedton

Exp — Exp+Exp2

Exp
Exp

Exp2

Exp2
Exp2
Exp3
Exp3

Ll

Exp-Exp2
Exp2
Exp2*Exp3
ExpZ/ Exp3
Exp3

num

(Exp)

G

L e A

Exp2 Exp,
+ Exp2 Exp.
- Exp2 Exp,

Exp3 Exp2,
x Exp3 Exp2,
/ Exp3 Exp2,

num
(Exp)



Indirect left-recursion

1. There are mutually left-recursive productions

Two Lah'c codES 97L
- Mo tud.recd lcf(‘rewrsabm_

N> — N30
' N DNt 2 oo >N Nyl o

N1 —  NpOg—1 -
N - (e

2. There is a production N — aNP where a is Nullable.

gonrnd, N Dan N L, whore N NIl ble

"al



Left-factorisation

id :=FExp
if Exp then Stat Elsepart

Stat — id :=Exp Stat

ey S Lsteq. (cpone Fov the 8Gupl) — Star

Stat — TifExpthen Stajelse Stat

L

(1> Elsepart — else Stat

Stat if Exp then St =
@ = P ¢ (2) Elsepart —

-

Lo ntim pon R S
rmﬁ)‘ﬁ} fﬁﬁngg(
T he r‘ejv/‘ILl/ W 7 ;J)M M LL([B ’L‘CMJ-C

a(cc s hoth v Fulww/ Elee w/’) (Wi v ould pad vs$? dvocr (D)
c[/) Fleff[elé{s"(/«)//J [‘Uéh% W"Mw ‘)Sh OLQV(,SB



m'J uwé"'g\/ous & Fprtiar

Stat —  Star2 ; Stat

Stat —  Star?

Stat?2 —  Matched

Stat?2 —  Unmatched

Matched — if Exp then Matched else Matched

Matched — id:=Exp

Unmatched — if Exp then Matched else Unmatched

Unmatched — if Exp then Stat2

l'Sw ‘{’b NM)V{{? (i & 7[)9;,14,. ,(ul?zk/éé jlaf LL([>/fo Le
Stat id :=Exp

H
— if Exp then Stat Elsepart

r\fb_oellce -H'u. ML“&,V 0y QMWW S

Elsepart — else Stat
Elsepart —

LS v sed W?Wp,\f/
end f(r;f fmdﬂ% ][or- F;-l;e]o»ﬂf"»;'rnbn’{iﬁ
over e cecond o .

Priovifl 2 hu rerely recolves aohj[llcf’} R LL/1> WM"/




Construction of LL(1) parsers summarized

1. Eliminate ambiguity that cannot be resolved by prioritizing productions (in
2. Eliminate left-recursion

3. Perform left factorisation where required

4. Add an extra start production S’ — S$ to the grammar.

5. Calculate FIRST for every production and FOLLOW for every nonterminal.

6. For nonterminal N and input symbol ¢, choose production N — o when:

e c € FIRST(w), or
e Nullable(a) and ¢ € FOLLOW(N).

This choice i1s encoded either in a table or a recursive-descent program.

7. Use production priorities to eliminate conflicts where appropriate.



