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Review - LLR Parsers

Describe the difference between an LL(1) and LR(1) parser. Which is more powerful?
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Last Time

LR Parsers
4 You Should Know )
LR Pa rsers * How an LR Parser differs from an LL Parser
° COnCE pt * Vaguely what the parser automaton does
\_ J
* Theory
* Operation

2 Amazin’ facts:

* All viable prefixes for an LR
grammar can be captured by a
Finite State Automaton!

o A stack of states can track our i I
pOSitiOn Parsing




Review — Bottom-Up Parsing

LR Parser Construction

. . . Grammar G
May have multiple branches in flight @< .-r
at the same time gf )
. L =Lid
Operations O =t
e Shift —ingest the lookahead token Correct Parse Tree
 Reduce — digest branches S’
G Parser Automaton
\ P
( L )
L |id




Recall Intuition: Delayed Commitment

SLR Parsing

* Delay committing to a
parent production until all
children have been seen

Correct Parse Tree

* The stack tracks automaton
states... but what do those
states really mean?

5 /ﬁ
L )
1, B id
ltem Next i/
Stack | Token




Today’s Outline

SLR Parsing

Some LR Context

* Peek inside the automaton
Build parser automaton

* Closure set

* GoTo set

Put Parser into Table form

* Action types

Parsing



A Quick Piece of Vocab: Items

An item represents progress

SLR Parsing

through a production

e What constitutes an item
depends on LR parser type

e FSM states are sets of items

G Parser Automaton

“Basic” item form

/—aeXf

In a Z production

Already seen symbol(s) a

About to produce symbol X

After X, will produce symbols(s) B

G Parser Automaton (item sets shown)

Grammar G
0 S u=P
9 P :=(L)
e L ::=id
O.:-.id

?S'%OP ]—-—)FS'%P.
P>e(L)

P%(L)o

i

P%(LO)]

L->Leid

[

L>LIde




A Quick Piece of Vocab: Items

SLR Parsing

“Basic” item form

An item represents progress
through a production /—aeXf

 What constitutes an item In a Z production
depends on LR parser type Already seen symbol(s) a

. About to produce symbol X
* FSM states are sets of item
>M states are sets of items After X, will produce symbols(s) B

The heavyweight
form seems more
powerful

“Heavyweight” item form

Z— o e XpB,t/ulv

As above, but lookahead
token could betoruorv

What could possibly
go wrong?




FSM State Space Explosion

LR Parser Construction

Bad news: The FSM can become impractically large




Avoiding State Space Explosion

Basic LR Parser Construction

Different Types of LR
parsers:

* LR(1) “canonical LR”
* LALR

* SLR

e LR(O)

Automaton works the same
way

e Sijze of automaton varies

* Bigger automata are more
precise
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Today’s Outline

SLR Parsing

Some LR Context

Build parser automaton

* Closure set

* GoTo set

Put Parser into Table form
* Action types

Parsing
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Parser-Building Workflow

Parser Automaton

Input

Grammar

( V! Yot
Closure i ; GoTo 1 |

~Transition Operatlons

————————

1
1
L _Table H Table |

————————————————

Sets__; i Sets
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Parser-Building Workftlow: Closure From Grammar

‘ " GoTo :fActlon

Grammar =[

—————————————————

Input -Parser Automaton ~Transition Operations 1

“What other items look
like I to the parser?”

Building Closure(I)

Add I and repeat until saturation:
if X — aeZBisin Closure(I):
for all Z ::=y productions:

addZ — ey
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Parser-Building Workflow: GoTo From Closure

Grammar { }J"'S'té'té"‘: Gt} { Aciion |
> | ‘
i_ Diagram _} | Table ! Table !

————————

|rlnput -Parser Automaton ~Transition Operations 1

If we were in a state | item,

where might we be after parsing 77?

Building GoTo relation from I,
if (X — aemBisinl)
set GoTo(I;,77) = I, where
= Closure(X —aT ef)
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Parser-Building Workflow: FSM trom GoTo + Closure

|rlnput -Parser Automaton ~Transition Operations 1

Grammar | |- ||| {7 GoTo  [Adtion
V : . {_Table__} i _Table_.
|

Tu

L>LIde




Parser-Building Workflow: FSM trom GoTo + Closure

|

Input

Grammar

-Parser Automaton ~Transition Operations 1

‘ } ) | { GoTo ¥ { Action 1
] ; A \_Table_! i _Table__!
l

LR Automaton Construction

Add new startS"and S’ - S
Build State I, for Closure( {S" - e S} )
Saturate FSM:
for each symbol 7 s.t. item in state j
containsA>a e[
add transition from state j to
the state for GoTo(j, X)
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Building an LR Parser: Example

SLR Parsing
Parse Table Construction GoTo(LX) = Closure(I):
1: Add new 1%t production S’ ::=Sto G  State that represents Begin with I
2: Build State |, for Closure({S’ - e S}) Closure of all items Repeat until saturation:
3: Saturate FSM: A-> ait e where if X > aeZp e Closure(l):
Add edges according to GoTo A->oeTBel VZ:=y,add Z—> ey
Add nodes according to Closure
Grammar G closure Start with the I, state
05'_; {S>eP}
9 P o=y L) |dentify state
e | =id Closure({S" - e P})
O -Lid -
S>eP

P>e (L)



Building an LR Parser: Example

Parse Table Construction
1: Add new 15t production S’ ::
2: Build State |, for Closure({S’
3: Saturate FSM:
Add edges according to GoTo
Add nodes according to Closure

Grammar G S>eP
05’ -P P%o(L)

closure
{P>(elL)

=Sto G
- o S})

SLR Parsing
GoTo(I,X) = Closure(I):
State that represents Begin with I

Repeat until saturation:
if X > aeZp e Closure(l):
VZ:=vy,add Z—> ey

Closure of all items
A->aift e where
A->oePBel

closure Start with the I, state

{SS>Pe}

|dentify state
Closure({S" - e P})

S>eP

P>e (L)
Add Edges:
GoTo(I,, P) = closure({S" > P e })
GoTo(Iy, () = closure({P > (o L)})



Building an LR Parser: Example

SLR Parsing

Parse Table Construction GoTo(I,X) =
1: Add new 1% production S’ ::=Sto G  State that represents
2: Build State |, for Closure({S’ - e S}) Closure of all items
3: Saturate FSM: A->aift e where
Add edges according to GoTo A>oaeTBel
Add nodes according to Closure

Grammar G S>eP
05’ -P P%o(L)

closure
{P>(elL)

closure
{SS>Pe}

Closure(I):
Begin with I
Repeat until saturation:
if X > aeZp e Closure(l):
VZ:=vy,add Z—> ey

|dentify state
Closure({S"> P e })

{S>Pe}

(nothing else)



Building an LR Parser:

SLR Parsing

Parse Table Construction GoTo(LX) =
1: Add new 1% production S’ ::=Sto G  State that represents
2: Build State |, for Closure({S’ - e S}) Closure of all items
3: Saturate FSM: A->aift e where
Add edges according to GoTo A>oaeTBel
Add nodes according to Closure

Grammar G SS>epP Fs'ep.
05’ -P P%o(L)

closure
{P>(elL)

Example

Closure(I):
Begin with I
Repeat until saturation:
if X > aeZp e Closure(l):
VZ:=vy,add Z—> ey

|dentify state
Closure({S"> P e })

{S>Pe}

(nothing else)

Identify edges from I,
(none)
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Building an LR Parser: Example

SLR Parsing

Parse Table Construction GoTo(LX) =
1: Add new 1% production S’ ::=Sto G  State that represents
2: Build State |, for Closure({S’ - e S}) Closure of all items
3: Saturate FSM: A->aift e where
Add edges according to GoTo A>oaeTBel
Add nodes according to Closure

Grammar G SS>epP Fs'ep.
05’ -P P%o(L)

closure
{P>(elL)

Closure(I):
Begin with I
Repeat until saturation:
if X > aeZp e Closure(l):
VZ:=vy,add Z—> ey

|dentify state
Closure({P > (o L)}

P%(_OL)

L-> eid
L>elid

22



Building an LR Parser: Example

SLR Parsing
Parse Table Construction GoTo(LX) = Closure(I):
1: Add new 1%t production S’ ::=Sto G  State that represents Begin with I
2: Build State |, for Closure({S’ - e S}) Closure of all items Repeat until saturation:
3: Saturate FSM: A-> ait e where if X > aeZp e Closure(l):
Add edges according to GoTo A->oeTBel VZ:=y,add Z—> ey
Add nodes according to Closure
|dentify state
Grammar G S>eP F S SPe Closure({P > (e L)}
(1 K P P e . ( L) .
(2 N P>(elL)
(3 JAEE |d dosure L-> eid
O.: -.id P%(QL) P(Le ), L->eLid
L>eid {LeLoid}

L->elid

Edges out of I,
GoTo(l,, id ) = closure({L > id @ })

GoTo(I,, L) = cIosure({ IZ :L( i ‘id); })

closure
{L>ide}
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Building an LR Parser: Example

SLR Parsing

GoTo(I,X) =

State that represents
Closure of all items
A->aift e where
A->oePBel

Parse Table Construction
1: Add new 15t production S’ ::
2: Build State |, for Closure({S” -
3: Saturate FSM:
Add edges according to GoTo
Add nodes according to Closure

=StoG
o S})

Grammar G SS>epP Fs'ep.
(1 N -P P%o(L)
®r -
3L ='d closure
L= eid {LeLoid}

L->elid

closure
{L>ide}

Closure(I):

Begin with I
Repeat until saturation:

if X > aeZp e Closure(l):

VZ:=vy,add Z—> ey

Identify state
closure({ P=>(Le )’}>
L->Leid

P—>(Le)
L->Le id

(nothing else)
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Building an LR Parser: Example

Parse Table Construction
1: Add new 15t production S’ ::
2: Build State |, for Closure({S” -
3: Saturate FSM:
Add edges according to GoTo
Add nodes according to Closure

=StoG
o S})

SLR Parsing

GoTo(I,X) =
State that represents

A->oePBel

)]_JEIHP.

Grammar G SS>eP
(1 IS -P pe.(L
®r -

e =|d
O -Lid P%(OL)
L->eid

L->elid

L P%(LO)]
L—>Leid

closure
{L>ide}

Closure(I):

Closure of all items
A->aift e where

Begin with I
Repeat until saturation:
if X > aeZp e Closure(l):
VZ:=vy,add Z—> ey

Identify state

closure( { IZ_:L(ﬁ .id), } )

P—>(Le)
L->Leid

(nothing else)
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Building an LR Parser: Example

Parse Table Construction
1: Add new 15t production S’ ::
2: Build State |, for Closure({S’
3: Saturate FSM:
Add edges according to GoTo
Add nodes according to Closure

=Sto G
- o S})

Grammar G SS>eP
(1 K P>e(lL
QP'=(L) l(
e =i
O -Lid P>(el)

L->eid

closure
{L>ide}

SLR Parsing

GoTo(L,X) =

State that represents
Closure of all items
A->aift e where
A->oePBel

G

closure
G

{L>Lide}

Closure(I):
Begin with I
Repeat until saturation:
if X > aeZp e Closure(l):
VZ:=vy,add Z—> ey

)

Identify state

closure({ P=>(Le)

L->Le id
P—>(Le)
L->Le id

(nothing else)

Edges out of I,
oTo(I,, ) ) = closure({fP > (L) @ })
oTo(l;, id) = closure({L > Lid e })
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Building an LR Parser: Example

SLR Parsing
Parse Table Construction GoTo(LX) =
1: Add new 15t production S’ ::
2: Build State |, for Closure({S’
3: Saturate FSM:
Add edges according to GoTo
Add nodes according to Closure

=Sto G
- o S})

State that represents
Closure of all items
A->aift e where
A->oePBel

Grammar G SS>eP
(1 K P>e(lL
QP =(L) l(
e =id
O.:-Lid P>(el)

L->eid
L->elid
[ id

closure
{(L>Lide)

closure
{L>ide}

Closure(I):
Begin with I
Repeat until saturation:
if X > aeZp e Closure(l):
VZ:=vy,add Z—> ey

Identify state
Closure({L > id e })

L—>id e
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Building an LR Parser: Example

SLR Parsing
Parse Table Construction GoTo(LX) =
1: Add new 15t production S’ ::
2: Build State |, for Closure({S’
3: Saturate FSM:
Add edges according to GoTo
Add nodes according to Closure

=Sto G
- o S})

State that represents
Closure of all items
A->aift e where
A->oePBel

Grammar G SS>eP
(1 K P>e(lL
QP =(L) l(
e =id
O.: -.id

closure
{(L>Lide}

Closure(I):
Begin with I
Repeat until saturation:
if X > aeZp e Closure(l):
VZ:=vy,add Z—> ey

Identify state
Closure({L > id e })

L—>id e

No edges out of I,

28



Parse Table Construction

Building an LR Parser: Example

SLR Parsing

GoTo(L,X) =

3: Saturate FSM:

=Sto G
- o S})

1: Add new 15t production S’ ::
2: Build State |, for Closure({S’

State that represents
Closure of all items
A->aift e where

Add edges according to GoTo A->oeTBel

Add nodes according to Closure

Grammar G SS>eP ns’ep.
(1 N -P P%o(L)
QP closure
eL:.=Lid 1)

P%(LO)]
L->Leid

‘L id
closure
{(L>Lide}

Closure(I):
Begin with I
Repeat until saturation:
if X > aeZp e Closure(l):
VZ:=vy,add Z—> ey

Identify state
Closure({P > (L) ®})

P>(L)e

(nothing else)
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Building an LR Parser: Example

SLR Parsing

Parse Table Construction GoTo(I,X) =
1: Add new 1% production S’ ::=Sto G  State that represents
2: Build State |, for Closure({S’ - e S}) Closure of all items
3: Saturate FSM: A->aift e where
Add edges according to GoTo A>oaeTBel
Add nodes according to Closure

Grammar G SS>epP Fs’ep.
(1 N -P P%o(L)

QP__ P%(L)o

closure
{(L>Lide}

Closure(I):
Begin with I
Repeat until saturation:
if X > aeZp e Closure(l):
VZ:=vy,add Z—> ey

Identify state
Closure({P > (L) ®})

P>(L)e

(nothing else)

No edges out of I
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Building an LR Parser: Example

SLR Parsing
Parse Table Construction GoTo(L,X) = Closure(I):
1: Add new 1%t production S’ ::=Sto G  State that represents Begin with I
2: Build State |, for Closure({S’ - e S}) Closure of all items Repeat until saturation:
3: Saturate FSM: A->afm e where if X > aeZp e Closure(l):
Add edges according to GoTo A->oeTBel VZ:=y,add Z—> ey
Add nodes according to Closure
Identify state
Grammar G S>eP F S >SPe Closure({L > id @ })
@s - P P e . ( L) -
(2] P L->ide
P > (L)e (nothing else)

closure
{(L>Lide}
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Building an LR Parser: Example

SLR Parsing
Parse Table Construction GoTo(L,X) = Closure(I):
1: Add new 1%t production S’ ::=Sto G  State that represents Begin with I
2: Build State |, for Closure({S’ - e S}) Closure of all items Repeat until saturation:
3: Saturate FSM: A->afm e where if X > aeZp e Closure(l):
Add edges according to GoTo A->oeTBel VZ:=y,add Z—> ey
Add nodes according to Closure
Identify state
Grammar G S>eP F S >SPe Closure({L > id @ })
@s - P P e . ( L) -
(2 L->ide
P > (L)e (nothing else)

e ::=|d
QL::=Lid pe(.L) T)
L[> eid L P->(Le)
L[> elid L[> eid No edges out of I

lld id
v
mL%idO EL%Lido
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Building an LR Parser: Example

SLR Parsing

Parse Table Construction GoTo(I,X) =

1: Add new 1% production S’ ::=Sto G  State that represents
2: Build State |, for Closure({S’ - e S}) Closure of all items

3: Saturate FSM: A->aift e where
Add edges according to GoTo A>oaeTBel
Add nodes according to Closure

Grammar G SS>epP Fs’ep.
(1 N -P P%o(L)

QP__ P%(L)o

e ..=|d

O.:-Lid P%(QL) T)
L>eid | L Pé(“)]
L>elid L>Leid

lld id
v
mL%idO EL%Lido

Closure(I):
Begin with I
Repeat until saturation:
if X > aeZp e Closure(l):
VZ:=vy,add Z—> ey

Automaton Complete!
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Time to Convert FSM to a Table

LR Parser Construction

Input -Parser Automaton -Transition Operations —

I l ] (" GoTo 1 [ Action
1 11 I
\_Jable__s 1 _Table_.

L A

A 4

Grammar

Grammar G S>ep | P Fs'ep.
05’::=P P>e(L)

gP::=(L) l( EPQ(L).

L :=id
O.: -.id P—>(el) T)
[>eid | L P>(Le)
L->elid L>Leid

Jlld id
v
mL%ido EL%Lido
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Basic Table Structure

LR Parser Construction

Row: [tem

Column: Symbol

> ep q! o
F %0(L)]—_) S>P

P%bL) !
L > eid
L>elLid

lid
mLéido

P%(L)o

T

P->(Le)
L—>Leid

]

[a

L>LIde

Action

Table

GoTo Table

Ceot |7

(@) u ~ [O¥) \S} — [es)

35



What Should the Table Look Like?

LR Parser Construction

Types of Actions (hence, table cell entries):
 Shift (terminal edge), push 1 state, advance lookahead
* Reduce (reduce state), pop RHS stack items

* GoTo (nonterminal edge), push LHS item following reduce
* (Special actions: accept / reject)

Terminal edge Accepting state Nonterminal edge Terminal edge
I,,id—1, Pop 2 items [, L =l I;,) =1




|

Time to Convert FSM to a Table

Input

Grammar

LR Parser Construction

-Parser Automaton ~Transition Operations —

A 4

H ] | (""GoTo 1 ["Action )
i Table !} Table !
l A

__________________

SLR Building algorithm
For each edge I, T = I, in the FSM:
if T is a terminal: set Action([L;, ] = shift I,
if T is a nonterminal: set GoTol[;, 7] = I,
If state I; includes itemS” > S @
set Action[[;, eof] = accept
If state [; includes item A - o ® where Aisnot$’
for each tin FOLLOW(A):
set Action[I,t] = reduce by A - a
All other entries are error actions
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Time to Convert FSM to a Table

LR Parser Construction

4 Types of Table entries
Shift, GoTo, Accept, Reduce

Grammar G Action Table GoTo Table
S _P l.
P S HsSes ?HP, () | id Jeof | P | L
‘(d) Peo(L) 1, L
L =1
O =-Lid P%(L)o
Pe(-L) i Iy I
[ eid Pé(LO.)] | I
L%ole L->Leid 1
THCHy
I5
L%ldo L%leo 1

38



Time to Convert FSM to a Table

LR Parser Construction

4 Types of Table entries
Shift, GoTo,| Accept,|Reduce

Grammar G Action Table GoTo Table
S =P L
8l 5> ep ?HP, () | id Jeof | P | L
‘(d) Peo(L) 1, i L
L =1
O.:-.id P%(L)o ©
Pe(-L) D L L
[ eid Pé(LO.)] | I
L%ole L->Leid 1
THCHy
I5
L%ldo L%leo 1
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Time to Convert FSM to a Table

LR Parser Construction

4 Types of Table entries
Shift, GoTo, Accept, Reduce

we reach the
end of a rule...

Choosing when to
reduce distinguishes
the parser type

Simplest Version — LR(0): reduce whenever
the state is reached

Grammar G Action Table GoTo Table
Qs :-r Fs'»w ]__!E!S,QP, (| ) | id eof | P | L
Or:=(L) P>e(L) L

(3 A —|d

O. -.id
T) 1 I
P%(OL)
e.ld JNFP%(L.)] 15 16
L>Lei
L%ole 9-°'d Re RO RO RO | RO RO

L%ldo




Time to Convert FSM to a Table

LR Parser Construction

4 Types of Table entries
Shift, GoTo, Accept, Reduce

What'’s the problem?

Table

Collisions
Simplest Version — LR(0): reduce whenever

the state is reached

Grammar G Action Table GoTo Table
Qs :-r S > ep lE!S, (| ) | id eof | P | L
> Pe
9 P - ( L ) 9 ° ( L ) 12 Il

O :=id P%(L)o ©

O. -.id
I 1, I
P%(OL) >
L eid PQ(L.) 3 15 ls
L>L d
L%ole 9 °! Re RO RO RO | RO RO

%00 0 =0 [0 [0




Time to Convert FSM to a Table

LR Parser Construction

4 Types of Table entries
Shift, GoTo, Accept, Reduce

What'’s the problem?

Table

Collisions
Simplest Version — LR(0): reduce whenever

the state is reached

Grammar G Action GoTo
gxfax X->eaX S>Xe
X..—a X%.a 12 I1
X—>ae
2 X—>aXe I I, I3
X>eaX 2 R Re Re
X—> ea )
D © |0 e
a
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Time to Convert FSM to a Table

LR Parser Construction

4 Types of Table entries
Shift, GoTo, Accept, Reduce

Better SLR
S_Lm-p'lﬁc Version —,LR'('O‘)' reduce whenever

What'’s the problem?

Table
Collisions

Grammar G FOLLOW set aIIows it Action GoTo
gX:faX X-> eaX S>Xe
X =a X% ® 23 12 I1
Parse Trees
X—>ae
2 X—>aXe I I, I3
X>eaX 2 R Re Re
X—> ea )
> © 0 o
a

43



Time to Convert FSM to a Table

LR Parser Construction

4 Types of Table entries
Shift, GoTo, Accept, Reduce

Better SLR
S_im-p'lﬁc Version —,LR'('O‘)' reduce whenever

if state [; has A - a @ where A# S’
for each t in FOLLOW(A):
Action[l;,t] = reduce by A ::=

FOLLOW(X) = { eof }

Grammar G FOLLOW set aIIows it Action GoTo

X = a X X eaX T >Xe

X—a

X%oa

Parse Trees

L

xeaox\

X
X—>ae XSaxe
X>eaX a

X—> e®a )

.

)
é
é

6
6
6

(OV] [\ — o
—f
N
—f
w
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Time to Convert FSM to a Table

LR Parser Construction

if state [, has A - o ® where A # &'
for each t in FOLLOW(A):
Shift, GoTo, Accept, Reduce Action[L,t] = reduce by A ::=

FOLLOW(L) = {), id }

4 Types of Table entries

Better Version — SLR: reduce whenever

FOLLOW set allows it FOLLOW(P) = { eof }

Grammar G Action Table GoTo Table
Qs :-r 5> ep (| ) | id Jeof [ P | L
Or . =(L) S>Pe
o ‘d Peo(L) 1, B2 I,

L =1
P%(L). 11 @
@ L :=Lid

Pe(. L) D > Ly I
L eid Pé(LO)] I, ST, | ST

L—>Leid
L 9 e [id l . RQ R9

| 15 0

L Lid

L%Id. - o 16 R@ Re
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summary

LR Parser Construction

Constructing a new type of parser, the LR

* For all LR parsers:
— build closure and goto sets
— Build the parser automaton
— Tableize it

* For some LR parsers:

— What “closure set” and “goto set” mean is different
— Tabelizing changes (SLR uses FOLLOW sets to Reduce)

— There are more advanced LR parsers with more elaborate
closure and goto sets (we won’t cover them)



Next Time

Preview - Scope

Finally done with parsing!
* Done with the frontend of the compiler!



Next Time

Preview - Scope

Finishing up some final details of the LR Parser
* Running the table-based parser

* Bottom-up SDT

After that, all done with parsing!

* Done with the frontend of the compiler
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