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Outline of the Lecture

@ What is syntax analysis? (covered in lecture 1)

@ Specification of programming languages: context-free
grammars (covered in lecture 1)

@ Parsing context-free languages: push-down automata
(covered in lectures 1 and 2)

@ Top-down parsing: LL(1) parsing

(covered in lectures 2 and 3)
@ Recursive-descent parsing (covered in lecture 4)
@ Bottom-up parsing: LR-parsing (continued)
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DFA for Viable Prefixes - LR(0) Automaton

S > E# 1. SS>E# 2. E->E+T
3. ESET 4 EST
5. T>(E) 6 Toid
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Construction of Sets of Canonical LR(0) Items

void Set_of item_sets(G'){ /* G’ is the augmented grammar */
C = {closure({S' — .S})};/* Cis a set of item sets */
while (more item sets can be added to C) {
for each item set / € C and each grammar symbol X
/* X'is a grammar symbol, a terminal or a nonterminal */
if (GOTO(I, X) # 0) && (GOTO(I, X) ¢ C))
C=CuUGOTO(I, X)

@ Each setin C (above) corresponds to a state of a DFA
(LR(0) DFA)
@ This is the DFA that recognizes viable prefixes
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Construction of an LR(0) Automaton - Example 1

State 0 State 3 State 6 State 9

S 2> .E# T -2 id. E =2 E+.T E -2 E-T.

E > .E+T T (E)

E > .E-T T->.id

E>.T State 4

T->.(E) T (E) State 7 State 10

T .id E S E+T E->E-T T (E)
E = .E-T T-> .(E) E > EA+T

State 1 E=>T T-.id E-2>E.-T

S>E# T (E)

E :)) EJ’: T>.d State 8 State 11

' E > E+T. T (E).

State 5

State 2 S 2> E#. @  indicates closure items

E->T.

@  indicates kernel items
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Shift and Reduce Actions

@ If a state contains an item of the form [A — «.] (“reduce
item”), then a reduction by the production A — « is the
action in that state

@ If there are no “reduce items” in a state, then shift is the
appropriate action
@ There could be shift-reduce conflicts or reduce-reduce
conflicts in a state
e Both shift and reduce items are present in the same state
(S-R conflict), or
e More than one reduce item is present in a state (R-R
conflict)
e It is normal to have more than one shift item in a state (no
shift-shift conflicts are possible)

@ If there are no S-R or R-R conflicts in any state of an LR(0)
DFA, then the grammar is LR(0), otherwise, it is not LR(0)
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LR(0) Parser Table - Example 1

STATE ACTION GOTO
+ = ( ) id # S E
0 S4 S3 1
1 S6 | 87 S5
2 R4 | R4 | R4 | R4 | R4 | R4
3 R6 | R6 | R6 | R6 | R6 | R6
4 S4 S3 10
5 R1|R1|R1|R1|R1|[R1
acc | acc | acc | acc | acc | acc
6 S4 83
7 S4 S3
8 R2 |R2 | R2 | R2 | R2 | R2
9 R3 | R3I|R3|R3|R3|R3
10 S6 | S7 SN
11 R5 [R5 | R5 | R5 | R5 [R5
Y.N. Srikant Parsing

GRLN=

S > E#
E - E+T
E->ET
E>T
T (E)
T->id



Construction of an LR(0) Parser Table - Example 1

STATE ACTION GOTO
+ - i } id # 5 E T S>E#
o 54 53 1 z
1 86 &7 55
2 R4 Ra Ra Ra R4 R4
3 R6 | Rs [ Re | Re | R6 | RS
4 S4 53 10 z
5 Rl | R1[ R |RI|R| R

ace | eee | ace | acc | acc | acc

5] 54 53 &
7 54 53 8
B Re | Rz | Rz | Rz | R2 | Rz
] R3 R3 R3 R3 R3 R3
10 86 57 81
1
" RS RS RS R& RS RS
. S>E# EST T>(E) ESET TS(E) TE).
2. E>E+T E - E+T E>.E+T T3.(E) EDEsT
E>ET gpaes EZ.ET Toid ESET
3. E=2ET E*T Tod E*T
T .(E) T>.E] State8
4 E-T T=.id T=.id E = E+T. @ indicates closure items.
5 T2(E) Statel State  State5  Stated @ indicstss kerel
! indicates kermel itsms
6. T->id SYE# EJE+T SPEA EDET

E2E+T T .[E)
E*E-T T->.d
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LR(0) Automaton - Example 2
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Construction of an LR(0) Automaton - Example 2

State 0 State 3 State 7 State 10
S$’=>.8 S2>c. A = ba. B->b.A
S > .aAS A - ba
S>> .c State 4 A SB
S 2> aAs State 8
S 2> .aAS
State 1 S > .aAS A>SB S >c
EX S2>.c B = .bA
B->.S
State 2 State 5 S 2 .aAS State 11
S > a.AS S > aAS. S>.c B = bA.
A = .ba
A > .SB State 6 State 9 State 12
S 2> .aAS A->ba A > SB. B->S.
S>.c

1.8 >8 2.82>aAS 3.8S->c¢
4. A>ba 5 A->SB
6.B>bA 7.B>S

O indicates closure items

@ indicates kernel items
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LR(0) Parser Table - Example 2

STATE ACTION GOTO
a b c $ S A B
s2 S3 1
R1
acc ,
2 s2 | s6 | s3 8 4 :12 g —_))aSAS
3 R3 | R3 | R3 | R3 ‘
4 s2 S3 5 3.53¢
4. A= ba
5 R2 | R2 | R2 | R2 5 A- SB
6 ST 6.B - bA
7 R4 | R4 | R4 | R4 7B>S
8 s2 | 810 | 83 12 9
9 R5 | R5 | R5 | R5
10 S2 | s6 | S3 8 11
1 R6 | R6 | R6 | RB
12 R7 | R7 | R7 | RY
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Construction of an LR(0) Parser Table - Example 2

@ indicates closure items

Y.N. Srikant

STATE ACTION GOTO
a b [ $ s A B
a 52 53 1
1 R1
acc
2 52 S6 53 8 4
3 R3 R3 Rl | R3
4 52 83 5
5 RZ R2 R2 | R2
6 57
i R4 R4 R4 | R4
8 52 S1 53 12 9
0
a RS R5 R5 | RS
10 32 S6 33 8 1
1 RE RE Ré | RE
12 RT R7 RT | RT
State 0 State 2 State 4
1.82>8S 5.5 5 aAS 5 aAS
5> .aAs A= ba 5> .aAS
2.35an3 S3.c A SB S3.c
382c S > .aAS
4. A= ba State 1 S>.c
5.A>SB §¥S. S ahs.
State 3
6.B 2> bA vy
7.B>S

Parsing

State 6
Aba

State 7
A = ba.

State 9

A > SB.

@ indicales kemel items

M mme

B = bA.

B>S.



A Grammar that is not LR(0) - Example 1

State 0
S=>.E

E > .E+T
E-> .E-T
E->.T
T>.(E)
T-.id

State 1
S>E
E->EAT
E-=>E.-T

shift-reduce
conflicts in
state 1

State 3
T2 id.

State 4
T (.E)
E = .E+T
E - .E-T
E-=>.T
T-> .(E)
T-.id

State 5 State 8
E 2 E+T E < E-T.
T > .(E)

T2 d State 9
State 6 T>(E)
E>E-T E>E+T
T .(E) E-2>E.-T
T->.id

State 7 State 10
E D E+T. T (E).
@  indicates closure items

. indicates kernel items

follow(S) = {$}, where $ is EQF
Reduction on $, and shifts on + and - , will resolve the conflicts not LR(0), but
This is similar to having an end marker such as #

Grammar is

is SLR(1)

Y.N. Srikant Parsing



SLR(1) Parsers

@ If the grammar is not LR(0), we try to resolve conflicts in
the states using one look-ahead symbol

@ Example: The expression grammar that is not LR(0)
The state containing the items [T — F.Jand [T — F.x T]
has S-R conflicts

o Consider the reduce item [T — F.] and the symbols in
FOLLOW(T)

e FOLLOW(T) = {+,),s}, and reduction by T — F can be
performed on seeing one of these symbols in the input
(look-ahead), since shift requires seeing * in the input

o Recall from the definition of FOLLOW(T) that symbols in
FOLLOW(T) are the only symbols that can legally follow T
in any sentential form, and hence reduction by T — F when
one of these symbols is seen, is correct

e If the S-R conflicts can be resolved using the FOLLOW set,
the grammar is said to be SLR(1)
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A Grammar that is not LR(0) - Example 2

State 0 State 2 State 5

S>.E E>T F - id. State 8

E > .E+T F>(E)

E>.T State 3 State 6 E>E+T

T .FT TS FT E > E+T

TS F TSF T2 FT

F = .(E) Shift-reduce T=>F State 9

F-=>.id conflict F 2 .(E) E - E+T.

F-.id

State 1 State 4

S>E F(E) State 7 State 10

E E+T E > E+T TS>FT E>FT

Shift-reduce E > .T T=>.FT

conflict T=>.FT T=>F State 11
TS F F - .(E) F>(E)
F->.(E) F-=>.id )
F-.id

follow(S) = {$}, Reduction on $ and shift on +, eliminates conflicts || Grammar is
follow(T) = {$, ), +}, where § is EOF not LR(0), but
Reduction on $, ), and +, and shift on *, eliminates conflicts is SLR(1)
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Construction of an SLR(1) Parsing Table

Let C={l,h,..., i, ..., In} be the canonical LR(0) collection of items,
with the corresponding states of the parser being 0, 1, ... ,i, ... , n
Without loss of generality, let 0 be the initial state of the parser
(containing the item [S" — .§])
Parsing actions for state i/ are determined as follows
1.1 ([A—= a.a8] € ;) && ([A — aa.B] € )

set ACTION(i, a] = shift j I* ais a terminal symbol */
2. If([A—=a] el

set ACTION[i, a] = reduce A — «, for all a € follow(A)
3.1f([S" — S.] € I;) set ACTION][i, $] = accept
S-R or R-R conflicts in the table imply grammar is not SLR(1)
4. 1f ([A = a.Ap] € I}) && ([A = aA.B] € )

set GOTO[i, A] = j /* Aiis a nonterminal symbol */
All other entries not defined by the rules above are made error
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A Grammar that is not LR(0) - Example 3

Grammar

S>8, S>aSh, S>¢

State 0 State 3

$=>.8 S>aSb

S <> .aSh

S-=>.

State 1 State 4

S’=> S, S - aSb.

State 2

S = a.Sb | shift-reduce
flict i

S > .aSb gtcar{elscﬂl‘nz

S->.

. indicates closure items

@ indicates kernel items

| follow(S) = {3, b} |

Y.N. Srikant

Parsing

a b $ s
0| 82 reduce reduce 1
S>¢ S«
1 accept
2| 82 reduce reduce 3
S>¢ S>¢
z] S4
4 reduce reduce
S->aSb | S aSb
Grammar is
a not LR(0), but
is SLR(1)




A Grammar that is not SLR(1) - Example 1

Grammar: S’ 2> S,

follow(S) = {$, b}

S—)aSb, S—)ab,S—)s State 0: Reduction on $ and b, by S < ¢, and

shift on a resolves conflicts

State 0 State 3
S’=>.8 S=>aSb

S = .aShb
S = .ab State 4
S->. S = aSb.

State 1 State 5
Y S 2> ab.

shift-reduce
State 2 conflict in
S > a.Sb |states 0,2
S=2>ab
S > .aSb Grammar is
S = .ab neither LR(0)
S, nor SLR(1)

State 2: S-R conflict on b still remains

a b 3 S
0| S2 R: S=>¢ R: S=>¢ 1
1 accept
2 |S2 |85 R:S2>g| R S>¢ 3
3 S4
4 R: S=>aSb | R: S aShb
5 R: S2>ab R: S>> ab
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A Grammar that is not SLR(1) - Example 2

Grammar State 0 State 2 State 6
S >8 S =>.8 S=>L.=R S=>L=R
S 2> L=R S=>.L=R R=>L. R=>.L
S=>R S2>.R shift-reduce L->.*R
L=>*R L-=>.*R conflict L->.id
L=>id L->.id
R>L R>L  states State 7
L=>*R L = *R.
State 1 R=>.L
Gi i ’ "
ne:ﬁrr:;pflral(so) § 8. L=>.R State 8
nor SLR(1) L=>.id m
State 3
S2>R State 5 State 9
L =2 id. S 2 L=R.

Follow(R) = {$,=} does not resolve S-R conflict
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The Problem with SLR(1) Parsers

@ SLR(1) parser construction process does not remember
enough left context to resolve conflicts
e Inthe “L = R” grammar (previous slide), the symbol ‘=" got
into follow(R) because of the following derivation:
S=S=L=R=L=L=L=id=+«R=id= ..
e The production used is L — *R
e The following rightmost derivation in reverse does not exist
(and hence reduction by R — L on ‘=" in state 2 is illegal)
id=id<=L=id<=R=id..
@ Generalization of the above example
e In some situations, when a state i appears on top of the
stack, a viable prefix Sa may be on the stack such that 5A
cannot be followed by ‘@’ in any right sentential form
e Thus, the reduction by A — « would be invalid on ‘&’
e In the above example, 5 =¢, a = L, and A = R; L cannot be
reduced to R on ‘=’ since it would lead to the above illegal
derivation sequence
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LR(1) Parsers

@ LR(1) items are of the form [A — «.3, a], a being the
“lookahead” symbol

@ Lookahead symbols have no part to play in shift items, but
in reduce items of the form [A — «., a], reduction by
A — «is valid only if the next input symbol is ‘@

@ An LR(1) item [A — «.53, a] is valid for a viable prefix -, if
there is a derivation S =, AW =, daSw, wWhere,
v=da,a=firsttw)orw=canda=>%

@ Consider the grammar: S’ -+ S, S — aSb | ¢

e [S— a.Sb, $]is valid forthe VP a, S’ = S = aSb
e [S— a.Sb, b]is valid for the VP aa,
S' = S = aSb = aaSbb
o [S— ., $]isvalidforthe VP ¢, §'= S=¢
e [S — aSb., b]is valid for the VP aaSh,
S' = S= aSb = aaSbhb
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LR(1) Grammar - Example 1

Grammar a b S S
S=>S5,S—>asSh, S>¢ 0| s2 R S>e 1
il accept

State 0 State 4 e e E——— -
$>.5,8 S=>ash,b . .ss
Sj.aSb,S S:)).aSb,b Ma T2 msse | [
5.3 SZ.b 5 R: S = ash
State 1 State 5 & &
¥ >s.,$ s> asb.,$ E R: 5 asb | |
State 2 State 6 accept R:S>aSh R:S->ash
S>ash,$ S5->asSb,b
S—>.aSb,b
s=>.,b State 7

S—>ash.,b
M Grammar is

S>aS.b,s [LRW)

R:S2¢ R:S>e
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Closure of a Set of LR(1) Iltems

Itemset closure(){ /* | is a set of LR(1) items */
while (more items can be added to 1) {
for each item [A — «.Bg, a] € I {
for each production B — v € G
for each symbol b € first(Sa)
if (item [B — ., b] ¢ ) add item [B — ., b] to /

return /
State 0 State 3 State 4 State 7
Grammar | g3 5,6 s>ash,$ S>asSb,b S>ash.,b
S s .ash,$ s> .ash,b
S>able] 55 ¢ S>.,b
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GOTO set computation

ltemset GOTO(I, X){ /* lis a set of LR(1) items
X'is a grammar symbol, a terminal or a nonterminal */
Let /' ={[A— aX.8, a|[A— a.XB, g € l};
return (closure(!"))

}
State 0 State 1 State 2 State 4
Grammar | ¢35, §>s.,$ S>ash,$ S>ashb,b
$>S s> .ash,$ $>.asb,b S .ash,b
S5>ashle| g5 ¢ $>.,b $>..b

GOTO(0,S) =1, GOTO(0,a)=2, GOTO(2,a) =4
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Construction of Sets of Canonical of LR(1) Items

void Set_of item_sets(G'){ /* G’ is the augmented grammar */
C ={closure({S' — .S, $})};/* Cis a set of LR(1) item sets */
while (more item sets can be added to C) {
for each item set | € C and each grammar symbol X
/* X'is a grammar symbol, a terminal or a nonterminal */
if (GOTO(I, X) # 0) && (GOTO(I, X) ¢ C))
C=CuUGOTO(I, X)

@ Each setin C (above) corresponds to a state of a DFA
(LR(1) DFA)
@ This is the DFA that recognizes viable prefixes
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LR(1) DFA Construction - Example 1

Grammar a b S S
S=>S5,S—>asSh, S>¢ 0| s2 R S>e 1
il accept

State 0 State 4 e e E——— -
$>.5,8 S=>ash,b . .ss
Sj.aSb,S S:)).aSb,b Ma T2 msse | [
5.3 SZ.b 5 R: S = ash
State 1 State 5 & &
¥ >s.,$ s> asb.,$ E R: 5 asb | |
State 2 State 6 accept R:S>aSh R:S->ash
S>ash,$ S5->asSb,b
S—>.aSb,b
s=>.,b State 7

S—>ash.,b
M Grammar is

S>aS.b,s [LRW)

R:S2¢ R:S>e
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Construction of an LR(1) Parsing Table

Let C={l,h,..., i, ..., In} be the canonical LR(1) collection of items,
with the corresponding states of the parser being 0, 1, ... ,i, ... , n
Without loss of generality, let 0 be the initial state of the parser
(containing the item [S" — .S, $])
Parsing actions for state i/ are determined as follows
1.1 ([A— a.aB, b] € ;) && ([A — aa.p, b] € )

set ACTION(i, a] = shift j /* ais a terminal symbol */
2.1f([A—= ., a €1l)

set ACTION]i, a] = reduce A — «
3.1f([S"— S., $] € I}) set ACTION[i, $] = accept
S-R or R-R conflicts in the table imply grammar is not LR(1)
4. 1f ([A— a.AB, al € ;) && ([A = aA.5, a] € I;)

set GOTOJi, A] = j /* Ais a nonterminal symbol */
All other entries not defined by the rules above are made error
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