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An optimization

 Rather than restart the automaton on each
reduction, remember what state we were in for

each symbol.

 When applying a reduction, restart the
automaton from the last known good state.
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LR(0) Parsing
4

E-T,-
§ L E &R 3 ¢ ¥
E_.T: S E E5T; | E>T+E
E STAE S S El G E—>-T; 2
T - int | = THE S —TESTHE
T — (E) E> T, s Toint- |-
start = — Int T— +(E)
ek o e
T—> -int it s
T -(E) (I /
E— T, 7| 6
E—) -T+E E T— (E-) s T— (E) -
— -int
T— -(E) > (
SET T 4 T ; ) ;
0 3 8 3 ) 3




LR(0) Parsing
4

E—-T,-
E-T; S->E ESTS - |EST+E
E-T+E o E| 1 /ESEEl RESSTEN 2
T — (E) . LInt e L int] 1=
start E— T, T— Iint T (E)
ekl R s
T—> -int 0t
T -(E) (I /
E— T, 7] 6]
E—) T+E E | T— (E-) s T— (E) -
— -int
T— -(E) > (
$ T + ( T + T : ) ;
0 3 8 3 3 4




LR(0) Parsing
A

E>T,- |
E_T S E E>T: - E>T+E
E-T+E o E| 1 /ESEE[FESSTE 2
Tos ) —. | int P int] '
start E—> T, — [—> Int T (E)
akd T
T—> -int it s
T -(E) (I /
E- T, k4 6
E—)'T+E = T— (E-) s T— (E) -
— -int
T- (B > (
S| + | (2| + ) ;
0 3 8 3




LR(O) Parsing
4

E-T,-
B4 S>E ES5TS <~ ET+E
E STAE el E—>-T; 2
T - int | = THE I —TESTHE
T — (E) - HuW  FUl
start | = — Int T— +(E)
— E> -T+E : T v
T—> -int W
T— (E) | ( T- (‘B (
E- T, 7] 6/
E—)'T+E E . TS5 (E) s T— (E) -
— -int
T— -(E) > (
ST ( Le | + E ) ;
0 3 8 3 9




LR(0) Parsing
4

E->T;-
E-T; S->E ESTS - |EST+E
B ET /‘ E>T-+E~— E> T
15 T : | & :
T — int S -E _ 9 E_) ;I:tE EI
Tos ) —. | int P int] '
start E—) T, BN AR T—) int T—) (E)
o NESTHE R s
T—> -int it s
T -(E) (I /
E— -T; 7] 6
E—)'T+E = T— (E-) s T— (E) -
— -int
T— -(E) > (
ST + ( T + E ) ; $
0 3 5 8 3 5



LR(0) Parsing
4

E-T,-
E-ST: S>E E->T-; <+— E> T+ -E
E-T+E el ¢ /ESEELRESSTEN 2
Tos ) —. | int P int] '
start E— T, — [—> int T (E)
— B> -T+E . T fio 24
T—s -int Il
T -(E) ( | T>(B /
E— T, 7] 6
E—) -T+E | E T— (E-) s T— (E) -
— -int
T— -(E) > (
ST ( ) ;
0 3 8




LR(O) Parsing
4

E-T;-
S—>E BN S T :
B4 S E E5>T; ~— E>T+E
E->T+E 0 ET T ESSE E- T, EZ
T — (E) 0 HuW 0 HUl
start = — Int - (B
—— E> -T+E . T R0
T—> -int it s
() M. /
E—- T; 7] 6]
E—)'T+E E TS (EY) yi T— (E) -
— -int
T— -(E) > (
Sit ( E ) ;
0) 3 8 /




LR(0) Parsing
4

E- T, -
E-T; S->E ESTS - |EST+E
E-T+E o E| 1 /ESEE[FESSTE 2
T — (E) E, .7 [Nt PTEaT it
start = — Int T- +(B)
o NESTHE R s
T—> -int it s
T -(E) (I /
E- T, 7] 6
E—) -T+E E T— (E-) —)"fT—)(E)
— -int
T— -(E) > (
ST + ( E ) ; $
0 3 8 I4 6




LR(O) Parsing
4

E-T;-
E_ T S E E5T < EsT+E
E-T+E o E| 1 /ESEE[FESSTE 2
T — (E) 0 HuW 0 HUl
start | = — Int T— +(B)
ekl R s
T—> -int it s
() M. /
E— -T; T 6
E—)'T+E E . TS5 (E) —)-lfT%(E)
— -int
T— -(E) > (
ST ; $




LR(O) Parsing
4

E-T;-
E-ST: So> FE E-> T ; <+— E> T+ E
E-T+E el 1 /ESEE[FESTNY - 2
T (E) E>T; —+ Toint:
start = — Int T— +(B)
— B> -T+E . T i
T—> -int AR oy e
T— (E) | ( T- (‘B (
E— -T; 7] 6
E—) -T+E E T (E-) s T— (E) -
— -int
T— -(E) > (
ST T ; $




LR(O) Parsing
4

E->T;-
E.4T So> FE E-T-: <+— E> T+ -E
E-T+E el 1 /EZEEE[RESTN 2
T — (E) 0 HuW 0 HUl
start = — Int T— +(B)
— B> -T+E . T R
T—> -int it s
() M. /
E— -T; T 6
E—) -T+E E T— (E-) s T— (E) -
— -int
T— -(E) > (
ST T ; $
0 3 3




LR(O) Parsing

E>T;- |
S—>E BN S T :
E_T: S E E5T; -~ E>T+E
E STAE S el E—>-T; 2
T - int | = THE S —TESTHE
T — (E) E o | M R int|
start SO — Int T- +(B)
B T+E T 0
T—> -int it s
() M. /
E- T, 7] 6
E—)'T+E E . TS5 (E) s T— (E) -
— -int
T— -(E) > (
SPT T ; )
0 3 3 4




LR(O) Parsing

E>T;- |
S—>E BN S T :
E T S E E5T; - EST+E
E-T+E o E| 1 /ESEE[FESSTE 2
T — (E) E o | M R int|
start | = — Int T- (B
akil T gy
T—> -int it s
() M. /
E— T, 7] 6
E—)'T+E E . TS5 (E) s T— (E) -
— -int
T— -(E) > (
ST $




LR(O) Parsing
4

E-T;-
S T E T 3 ; T T B
E.ST S FE E->T-; <+— E> T+-E
EST+E 5 ET T RN e - 2
T — (E) - HuW  FUl
start = — Int T— +(B)
— B> -T+E . T i
T—> -int W
T— (E) | ( T- (‘B (
E— -T; T 6
E—)'T+E = T— (E-) s T— (E) -
— -int
T— -(E) > (
SPT E $




LR(O) Parsing
4

E->T;-
E_T S E E>T5 -~ EsT+E
E-T+E el 1 /IESEEE[FESSTN - 2
T int | Es T+E = EST+E
Tos ) —. | int P int] '
start E—) T, BN AR T—)lnt T—) (E)
ekl R s
T—> -int it s
() M. /
E— -T; 7 6
E—)'T+E E TS (EY) yi T— (E) -
— -int
T— -(E) > (
ST E $
0 3 2




LR(O) Parsing
4

E->T;-
S—>E BN S T :
EoiT SS>E E->T-; BT E-> T+ -E
E S THE: bl oy WA B 2
T int | E- -T+E | ELT+E
T — (E) E o | M R int|
start | = — Int T— +(B)
ekl R A
T—> -int it s
() M. /
E— -T; T 6
E—) -T+E E T (E-) s T— (E) -
— -int
T— -(E) > (
$ $




LR(0) Parsing

4
E- T, -
E_.T: S E E>T; T ESTreE
E-T+E el 1/ IEEE "RESEEN - 2
: — Es T+E — EST+E
T — int S -E 9 T s int
i — — 'IN
T—E BT - Toint M e
A ES e o]
T -int A4 Ao HRy
@ | TE
E— T, 7 6

E> ‘T+E E T— (E-) s T— (E) -

T— -int
T— -(E) > (

$ $
0




LR(O) Parsing
4

E-T;-
S—>E - S T :
E.ST S FE E->T;, -—— E>T+-E
E->T+E 0 ET T ESTE E— T, EZ
T — (E) 0 HuW 0 HUl
start = — Int T— +(B)
— B> -T+E . T R
T—> -int it s
() M. /
E— -T; T 6
E—) -T+E E T (E-) s T— (E) -
— -int
T— -(E) > (
$ E $
0 1




1. S—-E

2. E—~T;

3. E-T+ E
4. T — int
5. T - (E)

start

Building LR(0) Tables

- B> -T+E
T— -int

T>-B

E>:-T; —

4
E-T;-

31 i =
ES T - ES T+ E
E>T-+E ™~ ES T; 2]
0 | / E-> T+E ﬂ EST+E
B ¢ ntl T— int
T— int- — To (B
int T 8T
@
E- T, 7 6
E> -T+E |[E T— (E") )i T— (E) -

T— -int
T— (B > (




LR Tables

state

int

Action

Shift

dCC

Accept

Reduce E - T+E

Shift

Reduce E —» T ;

Shift

Reduce T — (E)

Shift

Shift

IO INO|OA|BWIDN

Reduce T — int




LR Tables

ACTION

state

int

(

)

)

s9

s8

s

s3

dCC

3

r3

r3

r3

r3

r3

r3

r3

sH

s4

r2

r2

r2

r2

r2

r2

r2

r2

s9

s8

S2

S3

rS

rS

rs

rS

rS

rs

rS

rS

S6

s9

s8

S/

s3

OO (NOD[OA|~h|WIN|—-

r4

r4

r4

r4

r4

r4

r4

r4




Representing the Automaton

 The ACTION function takes as arguments a state i al1d a

terminal a (or $, the input endmarker). The value of ACTION]i,
a] can have one of four forms:

a) Shiftj, where jis a state. The action taken by the parser
effectively shifts input a to the stack, but uses state j to
represent a .

b) Reduce A—f. The action of the parser effectively reduces 3
on the top of the stack to head A.

c) Accept. The parser accepts the input and finishes parsing;
d) Error.

 We extend the GOTO function, defined on sets of items, to

states: if GOTo [I; , A] = |;, then GOTO also maps a state |
and a nonterminal A to state j .
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Limit of LR(0)




LR Conflicts

A shift/reduce conflict is an error where a

shift/reduce parser cannot tell whether to shift a
token or perform a reduction.

A reduce/reduce conflict is an error where a

shift/reduce parser cannot tell which of many
reductions to perform.

A grammar whose handle-finding automaton

contains a shift/reduce conflict or a reduce/reduce
conflict is not LR(O).



shift/reduce conflict

i 0 1
Vo= {a, b} S :
S—>eAb °
VN e {S,A} L
A—>ea 2
A T b 3
S=S v I
la S—>Aeb 'S 5 Abe
P: 2
{ (1) S— Ab A ae ) ol
2)A > ¢ shift/reduce conflict in State 0
(3)A—a (1) Shift item: A > ea
§ (2) Reducible item: A—>e




reduce/reduce conflict

VT 7= {aa b) C}

VN A {Sa Aa B}

S=S

P:

{(1) S—> Ab
(2) S—> Bc
3) A—>a
(4) B—>a

h

0 1
Z—>eS i,
S—>eAb Z>S e
S > e B¢
L 2 b 3
A—>ea ¥
S—>Aeb S —» Abe
B—o>ea B 4
> c 5
ﬂ S—>Be
3 (D D8 O | 'S > Bee
A—> ae
B—>ae Reduce/reduce conflict in State 6

(1) Reduceitem 1: A—>ae
(2) Reduce item 2: B _ e




How to resolve?

* Improve LR(0)
— SLR — simple LR parser
— LR — most general LR parser
— LALR — intermediate LR parser
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SLR Parser




SLR(1)

SLR(1), simple LR(1) parsing, uses the DFA of sets of
LR(0) items as constructed in the previous section

SLR(1) increases the power of LR(0) parsing significant

by using the next token in the input string
* First, it consults the input token before a shift to make sure

that an appropriate DFA transition exists
e Second, it uses the Follow set of a non-terminal to decide if

a reduction should be performed



SLR(1)

 Choose the action by looking ahead of a symbol

— For LR(O) itemset I={X—>ye af}, A—> me ,B—> m'e },
denoted as state Si:
« Conflict in cell (Si, a): Reduce or shift?
« What if Follow(A)~Follow(B) = @, specifically,
agFollow(A), agFollow(B), what can we do?




SLR(1)

 Choose the action by looking ahead of a symbol,
for cell (Si, a)

— S/R conflict:

» Choose shift: if there exist A— ae af
» Choose reduce: if there exist B— ne , and a <follow(B)

— R/R conflict

* Choose reduce with P1: if there exist A— we , acfollow(A),
where P1=A— &

» Choose reduce with P2, if there exist B— n'e , acfollow(B),
where P2= B>’



LR(0) table 1 with S/R conflict

Z—>eS
S—>eAb

A—>ea
A—>e

P:

{(1)S—> Ab
2)A—> ¢
B)A—>a

!

Ao ae

S - Abd

Action

Goto

S4;R2

R2

R2

In state O:
(1) shift:
(2) reduce:

A—>ea

A—>e

Accept

S3

R1

R1

R1

B W N -] O

R3

R3

R3




LR(0) table 1 without S/R conflict

Viettal by Action Goto
a b # S A
AN 0s o) 0 |S4| R2 1 3
S=S 1 Accept
2 S3
i 3 R1
{(1)S— Ab
2Q)A—>¢ 4 R3
B)A—a
b

Resolve conflict with follow(A)




LR(0) table 2 with S/R conflict

VT v {aa ba C}

VN v {Sa Aa B}

S=3S

lig

{(I) S—> Ab
(2) S— Bc
3) A—>a
(4) B—>a

}

Z—>eS
S—>eAb
S > eBc

A—>ea

B—oea

4

6

A— a
B—)a]

Action

1
Z—>Se
2 b
S—>Aeb 3
S — Abe
4
S—>Bec > S
S > Bce

A—>ae

B — ae

Reduce/reduce conflict in State 6
(1) Reduce item 1:
(2) Reduce item 2:

a b c # A

0 | S7 3
1 Accept
2 S4
3 | R1|[R1|R1 R1
4 S6
5 [ R2| R2 | R2 R2
6 | R3| R3|R3 R3

R4 | R4 | R4 R4




LR(0) table 2 without S/R conflict

0 1
VT= {ag b, C} Z—).S —S> Action Goto
S > eAb Z—>Se : Sa b | ¢ # j i
Vn={S, A, B} S -5 o Be A :
g Aeb —bh—>|3 1 Accept
8=5 A—>ea - S — Abe 2 S4
B 3 [R1]|R1|RI1 R1
—>ea
o B g—)Boc c > 5 i ol
{(1) S— Ab 4 S > Bce z R2 ;{; 1I:j R2
(2) S— Bc 6
3) A—>a A-> a
4) B—>a B—)a]
}

o el Sl Dl Resolve contlict with follow(A) and follow(B)
(1) Reduceitem 1: A—>ae

(2) Reduce item 2: B _ ae




Limitation of SLR(1)

* In SLR method, the state | makes a reduction by
A—o when the current token is a:
— ifthe A>a. inthe |, and a is FOLLOW(A)

* In some situations, BA cannot be followed by the
terminal a in a right-sentential form when Ba and the
state | are on the top stack.

* This means that making reduction in this case is not
correct.



Limitation of SLR(1)

Example 4.51: Let us reconsider Example 4.48, where in state 2 we had item
R — L, which could correspond to A — a above, and a could be the = sign,
which is in FOLLOW(R). Thus, the SLR parser calls for reduction by R — L
in state 2 with = as the next input (the shift action is also called for, because
of item S — L-=R in state 2). However, there is no right-sentential form of the
grammar in Example 4.48 that begins R = -.- . Thus state 2, which is the
state corresponding to viable prefix L only, should not really call for reduction

ofthat Lto R. O



Limitation of SLR(1)

|Ser

. 1.S" »S 2.S »5L=R
. 3.5 »5>R 4‘L—>j_*‘_f§_
. 5.L > 1 6. R »>L

follow(R) = {#, =}

T‘/Sl\;‘—

een 01

7:L>*Re

8:R—>Le

B

0: S-S R 3:9 sRs
S— =R
S— R * 4.1 >*R
L— «*R R— oL,
Ll 6 [L— «*R
R—> oL, .| Lo
1
S \ 1
L|[1:5—>Se S5L>ie
li
6: S>L=R
2:S—>l=R | = R oL,
—n R‘L\?) L_. ]_1_> .*R
L— e

+|9:S—>L=Re

BRE  LRTHTE 69

Follow symbol “=*

Reducible???

is actually from here

How exactly does “R=" come from: S’ => L=R =>*R=R

We must have a * before R.




Limitation of SLR(1)

S
1.S" —>S 2.S sL=R
3.S >R 4. L >*R l
5.L —>1 6. R »>L L = R

Solution: LR(1), not consider ALL follow symbols,
instead, we consider all feasible follow symbols

To avoid some of invalid reductions, the states need to carry
more information. Extra information is put into a state by
including a terminal symbol as a second component in an item.



Homework

Page 258: 4.6.2, 4.6.3;
Page 258: 4.6.4 --- answer the question for 4.2.2(d) (f);
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LR(1) Parser



LR(1) Item

« ALR(1) itemis: A — a.f, a,

where a is the look-ahead of the LR(1) item (a is a
terminal or end-marker.)



Constructing LR(1) automaton

SetOfItems CLOSURE(I) {
repeat
for ( each item [A — a-Bf3,a] in I )
for ( each production B — v in G' )
for ( each terminal b in FIRST(Sa) )
add [B — v, b] to set I;

until no more items are added to [;
return [;

}

SetOfItems GOTO([, X) {
initialize J to be the empty set;
for ( each item [A - a-X3,a]in I )
add item [A = aX 0, a] to set J;
return CLOSURE(J);

}

void items(G') {
initialize C' to CLOSURE({[S’ — -S, $]});
repeat
for ( each set of items [ in C )
for ( each grammar symbol X )
if ( GoTO(I, X) is not empty and not in C' )
add goTo([l, X) to C;
until no new sets of items are added to C;



Key about look-ahead symbols

SO0 = CLOSURE(\{(S" — oS, {#})})

X

. Type 1 S—> 0eXp,ss |——» S aXef, ss
S—> aeAB, ss ss’ = first(p), if B does not derive empty;
A—>eql,ss’ |

o Ty pe Pt SR 1| s8> = (first(B)-{e}) Uss, if B derives empty;
LA — e an, SS’ J'




An Example

lo: closure({(S’ — e S, $)}) =
(S —>e8S,9%)
(S—>eCC,$)
(C —>ecC, c/d)
(C — o d, c/d)

l,: goto(ly, S) = (S’ > S e, $)

l,: goto(ly, C) =
(S—>CeC(C,39)
(C—>ecC,9)
(C—>ed, 9)

B e e

OO0

— S
—->CC
—->cC
— d

I5: goto(ly, c) =
(C—>ceC,c/d)
(C—>ecC,c/d)
(C—> ed, c/d)

|,: goto(ly, d) =
(C —> d e, c/d)

152 goto(ls, C) =
(S—>CCo )




An Example

ls- goto(l;, ¢) = : goto(l,, c) =1,
(C—>ceC,9)
(C—>ecC,9) : goto(l,, d) = I
(C—>ed,9)
lo: goto(l,, c) =
l.: goto(l,, d) = (C—>cCe, )
(C—>de, J)

: goto(l,, c) = I,
l5: goto(l,, C) =
(C —> c C e, c/d) : goto(l,, d) = Ig






Example 2

P:
{1)S>L=R
2)S—>R
3)L—aR
4@HL->b

S R->L
}

1

Z—>Se {#}

3

S - Re, {#}

4

L > be, {= #}

5

S > Le=R, {#}

R > Le, {#}




Example 2

7
6 S — L=Re, {#}
S_—)_L—_OF\’_ {_#}
8
R o> el  {#
'—_—f—_—_’{—_};_' R o Le, (#)
'L eaR, {# : R
Low._ila s
L>aR
lb RosL {_#}_'
If > eaR, {%}_:
11 (Leb, i,

10

L - aRe, {#}




Example 2

oo

b

12 | R |13
L > aeR, {=, #} —| L - aRe, {=#}

12 Lo eaR, {=#} =

RoLe =8 | T IL =2 U0 g —




Canonical LR(1) Parsing Table

Algorithm 4.56: Construction of canonical-LR parsing tables.

INPUT: An augmented grammar G’.
OUTPUT: The canonical-LR parsing table functions ACTION and GOTO for G'.

METHOD:
1. Construct C' = {lp, I1,- - ,In}, the collection of sets of LR(1) items for
G'.

2. State ¢ of the parser is constructed from I;. The parsing action for state
1 is determined as follows.

(a) If [A = a-af3,b] is in I; and GOTO(I;,a) = I;, then set ACTION[i, a]
to “shift j.” Here a must be a terminal.

(b) If [A = a+,a] isin I;,; A # S', then set ACTION[i, a] to “reduce
ASar

(c) If [S" = S-,$] is in I;, then set ACTION[, §] to “accept.”

If any conflicting actions result from the above rules, we say the grammar
is not LR(1). The algorithm fails to produce a parser in this case.

3. The goto transitions for state i are constructed for all nonterminals A
using the rule: If GOTO(I;, A) = I;, then GOTO[i, A] = j.

4. All entries not defined by rules (2) and (3) are made “error.”

5. The initial state of the parser is the one constructed from the set of items
containing [S' — -S, §].



Building the Action Table

ACtiOn Table action(S;,a) = S;, if there is an edge from §; to S;labeled as a
action(S;,a) = R, only if S; contains LR(1) item (A—ae, s5)
Where A—a. is production P, Haess;

action(S;,#) = accept, if S;1is acceptance state

action(S;,a) = error, otherwise

erminal symbols a A #
States

S




Building the Goto Table-same as LR(0)

goto (S;, A) = S;, if there is an edge from §; to S;labeled as A
goto (S;, A) = error, if there 1s no edge from S; to S;labeled as A

GOTO Table
non-termina 1 Al #
State
Sy




LR Family

LR Family

covers wide range of grammars.

SLR - simple LR parser

LR — most general LR parser

LALR - intermediate LR parser (look-head LR parser)

SLR, LR and LALR work same (they used the same algorithm), only
their parsing tables are different.



/ Unambiguous \
/ 7 Llk) ) LR(k) \
/ 7 LL(1) ) |LR(1) \

g LALR(1)

v o Ambiguous

N o

=




