Bottom-up parsing
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Bottom-up parsing

» Bottom-up parsing builds a parse tree from
the leaves (terminals) to the start symbol
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Bottom-up parsing |l

« Bottom-up parsing is a series of reductions (inverses of
productions), the reverse of which is the rightmost

derivation
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LR(K)

Most popular bottom-up parsing method is
_R(k) parsing

_eft-to-right scanning of input

Rightmost derivation

With an input lookahead of k




Why LR(K) parsing?

* Recognizes most programming language
constructs
— LR(K) recognizes the body of a production in right-

sentential form with k symbols of lookahead

« Determine when to apply reductions, A — 3, given string
opay..aw

— LL(k) recognizes the use of a production after seeing
the first k symbols of what the body derives

» Determine when to apply productions, A — a,..q,f3, given
string wa;...a, 3o

« Possible to build efficient table-based algorithms
* LR(K) Is a proper superset of LL(k)



Shift-reduce parsing

* LR parsers typically described as shift-reduce
parsers

* Pushdown automata with 4 possible actions
— Shift a: Move token a from input to stack
— Reduce A — 3: Reduce sequence f3 on stack to A
— Accept: Accept string
— Error: Reject string

« Compare with actions used in LL parsing
— Scan a: Pop token a from stack; Match a from input
— Push A — B,..5,: Pop A; Push states §,....3; to stack




Recall LL(1)
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Recall LL(1)

FOLLOW(X)={), $}
E= FOLLOW(Y) = {+,), $ )

Stack Input
e ° E int * int $

XT int *int $
° ‘ XY int int * int $

XY *int $

XT* *int $
@ XT int $

XY int int $

XY $

X e $




Shift-reduce parsing

« Shift S,,: Push S, on stack; increment
Input position

Stack

a;

$ Input

-

Parser

N

Action | Goto

Action[S,a] =
{Shift, Reduce, Accept}

Goto[S,A] =S



Shift-reduce parsing

 Reduce A — B: Pop [B| symbols; push
Goto[S,.5-A] on stack

Stack

Action | Goto

a, | 8, $ Input
\ Action[S,a] =
Parser {Shift, Reduce, Accept}
/\ Goto[S,A] =S



Shift-reduce parsing

int ( ) + * $ E T X Y
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| R tables

» All LR parsers use the same basic
algorithm, they only differ on how the
transition tables are built
— SLR(0), LR(1), LALR(2)

* The basic problem is determining when to
shift and when to reduce

— Use an LR(0) automaton to determine viable
prefixes



How do we build transition

tables?

* LR(0) automata encapsulate all we need

— Push-down automata with edges labeled with
terminals and non-terminals

— Reducing and accepting states
 Different capabilities due to

— When to reduce
— How automata are made deterministic




L R(0) automaton

« Start out with LL(1)
& D@ e
— Separate automaton for

each production



L R(0) automaton

Add e-transitions to
iIndicate possible parsing
states

— Intuition: e-transitions allow
use to nondeterministically
pick the right production to

apply
Apply NFA to DFA
conversion



L R(0) automaton
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L R(0) automaton
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L R(0) automaton
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L R(0) automaton
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L R(0) automaton

E>TX

(+a) T (E)|intY
x—> X > +E X—>+E]|¢
‘ Yo>*T|e
« Useful to augment
grammar with rule S’ —

S to identify accepting
state

Y >¢ \ TintY

Y—->*T



Constructing an LR(0)
automaton

1. Add a dummy start symbol [S’ - S $]
— Distinguishes accepting reductions

2. Make an automaton for each production

3. For transitions on non-terminals, add &-
edges to the corresponding automaton

4. Apply NFA to DFA conversion




Example

P>P$
P>S|T

S>AA
T—>AB
A—>aa
B—->bb




OXCX0J0

'Ac
5AE

A

DO G
OO

Example

P>P$
Po>S|T
S—>AA
T—>AB

A—>aa
B—->bb




Example

e G PP P 5P$

@ . P>S|T

~S SSH>AA

@ ¢ A uo

° S AA B—->bb
T—>AB

(D@ s-es
(D@D =0



From sets to automaton

* Many of the important properties that we
calculated from sets and constraints are
encapsulated in the LR(0) automaton
— Easler to calculate from set definitions
— Perhaps easier to understand from automaton

 Examples
— FIRST, FOLLOW, ltems



FIRST

* “Possible first terminals for a non-terminal’

 Case 1l
— For [A —» a] then a c FIRST(A)

e Case 2

—For [A —> X X, ... X, ] then
* FIRST(X,) € FIRST(A)
* If NULLABLE(X,) then FIRST(X,) = FIRST(A)
o If NULLABLE(Xy, X5, ..., X.1) then FIRST(X,) <
FIRST(A)

— For [A — €] then no constraint



FIRST

P’ PP>P$ .

“Possible first terminals
N for a non-terminal”
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FIRST

P P'>PS$ FIRST(P)={a)
LS FIRST(P)={a)
G’ @ P FIRST(S)={a}
T FIRST(T)={a)
@ il FIRST(A)={a}

QS: AA < an FIRST(B)={b}
A B T->AB

.2,
CYA)AD) Ao
oo ry




FOLLOW

“Terminals that can follow a non-terminal’
For[A— ... XB;B, ... B]]

Case 1

— FIRST(B;) € FOLLOW(X)

Case 2

— If NULLABLE(B,) then FIRST(B,) = FOLLOW(X)
— If NULLABLE(B,, B,, ..., B,;) then FIRST(B,) c
FOLLOW(X)

Case 3

— If NULLABLE(B,, B,, ..., B,) then FOLLOW(A)
FOLLOW(X) =,

— NULLABLE({ }) = true




FOLLOW
CFZ Q) ros
! @ P>T
Q“’ SO0 s
aaT—)AB
(0 b @ A—>aa
° ‘ @ Bo>bb

 “Terminals that can follow a non-
terminal’




FOLLOW

=4 PSPS$ .
N S
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@ T—>AB

“Terminals that can follow a non-
terminal”

g-edges show where non-
terminals are used

Read FOLLOW constraints from
graph

— (1) FIRST(A) c FOLLOW(A)

— (2) FOLLOW(S) c FOLLOW(A)

— (3) FIRST(B) c FOLLOW(A)



FOLLOW
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LOW(P) = {}
LOW(P)={$ )
LOW(S)={$)
LOW(T)={$)
LOW(A)={aqa,b, $}

LOW(B)={aqa, $}
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LR(0) items

« ALR(O) item s
— A production, A > XY Z, with a dot in the
body, e.g., A—> . XYZ

— Represents state of parser

« A—> X .Y Z means that the parser has seen X so
far and is looking for a string derivable fromY Z

 Alternate construction of LR(0) automaton




LR(0) items

« CLOSURE(Il: item set)
— | = CLOSURE(I)
— |If
+ [A—> a.B ] e CLOSURE(l) and
* [B—1]
— Then
+ [B—. y] € CLOSURE(l)

— “If we're looking for B 3 and B — y then we should
also be looking for y”

« GOTO(l, X : symbol)
—If[A > a.XPB]lelthen[A = a X.B] e GOTO(I,X)
— CLOSURE(GOTO(l, X)) « GOTO(l, X)

— “If we're in state | and see symbol X, we are now in
state I””




LR(O) items
G G @ I3P>P$. . CLOSURE defines states

e GOTO defines transitions

I4:P S

I1: P> .P$%

@ I5:P > T. P, S
P>.T

@ @ I7:S 5> AA. P> A
P> .a

I8:T>AB. L2: P>P.3
T6: S > A . A
Q TIOA > aa. T—>A.B

I9: A>a. A

(1 )—>((©) mezs-by. |HEE-E.D




Recap

Equivalence between LR(0) automaton
properties and set constraints

— Set constraints may be easier to calculate

— FIRST(A): The set of terminals reachable from
A through e-moves

— FOLLOW(A): For each incoming ¢-edge to
non-terminal, either FIRST(B) c FOLLOW(A)
or FOLLOW(B) ¢ FOLLOW(A) depending on
Incident state

— LR(0) items < LR(0) automaton




How do we build transition

tables?

* LR(0) automata encapsulate all we need

— Push-down automata with edges labeled with
terminals and non-terminals

— Reducing and accepting states
* Now what about the transition tables?




SLR(1) parser

* Simple LR(1) parser EoTX
T>(E)|intY
X—>+E]|¢
Yo>*T|e




SLR(1) parser

* When to apply e-reductions? |g -, Tx
T->(E)|intVY
Q @ X—>+E]|¢
X—>+E Y>*T|e

E—->TX
(6 E 7
, T—>(E)
@@
Y > ¢ T—>intY




SLR(1) parser take 1

* Always reduce?

* Generate Action table from automaton
— For each edge S; ==> S; in LR(0) automaton,
Action[S;,a] = shift S;
— For each “reduce” node S, with reduction [A —
B], Action[S;,2] = reduce A — 3

« Exception: If the node corresponds to the reduction
S’ — S, then Action[S;, $] = accept

— All other actions are error
— Conflict between actions = grammar not SLR



SLR(1) parser

* When to apply e-reductions? |g -, Tx
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SLR(1) parser

* When to apply e-reductions?
— When current token is in FOLLOW set

FOLLOW(X)={), $}
FOLLOW(Y)={+,), %}

E->TX
T>(E)]|intY
X>+E]|c¢
YoS>*T|e




SLR(1) parser take 2

 Generate Action taable from automaton

— For each edge S; ==> §; in LR(0) automaton,
Action[S;,a] = shift S;
— For each “reduce” node S, with reduction [A —

B], Action[S;,a] = reduce A — B where a <
FOLLOW(A)

« Exception: If the node corresponds to the reduction
S’ — S, Action[S;, $] = accept

— All other actions are error
— Conflict between actions = grammar not SLR



SLR(1) parser take 2

 Generate Goto table from automaton

— For each edge S SN S; In LR(0) automaton,
Goto[S; A = S;



SLR(1) parsing example

LOW(X)={),$}
LOW(Y)={+),$}
LOW(E)={), $}
LOW(M) ={+ $}

(D—@

6:Y > *T



SLR(1) parsing example

int ( ) + * $ E T X Y
1| S9  s6 13 2
2 R5 S4 R5 3
3 R1 R1
4] S9  S6 5 2
5 R4 R4
6| SO  S6 7 2
7 S8
8 R2 R2
9 R7 R7 S11 R7 10
10 R3 R3
11| S9  S6 12
12 R6 R6 R6

=
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Problem with SLR(1)

R—->L

©—(e FHL S55%

A ssL=rR |S>L=R]|R
" ‘ L > *R | id

‘ L—>R R—>L

L - id FOLLOW(S)={ $}
@ $>s$ |FOLLOWR)={=, $}

S_)R FOLLOW(L)={=,$}
acc



Problem with SLR(1)

R—->L

ssL=rR |S>L=R]|R

(o) FHL S55%
‘,_
"4 L > *R | id

L—>*R R—L

FOLLOW(S)={$}

$5s$ |FOLLOWR)={= $)
FOLLOW(L)={=,$}

acc When to shift and when to
reduce?



LR(1)

* Use k = 1 lookahead symbols to determine
when to shift rather than reduce

— Reduce only when we have a matching
lookahead

— The set of lookahead symbols for A is some
subset of FOLLOW(A)

* Use LR(0) automaton to give intuition
about LR(1)



LR(1) example

)_° ¥ S >S$ S—>5%
o S—>L=R|R
ss>L=RrR |[L>*R|id
—~( = ‘ @ R > L
@ (1) FIRST($) < FOLLOW(S)
(2) FIRST(=) c FOLLOW(L)

L>*R |(3) FOLLOW(R) c FOLLOW(L)
G w" O""" | rovows - rouowe

13 (5) FOLLOW(S) c FOLLOW(R)

@ L—id (6) FOLLOW(L) c FOLLOW(R)
(4) FOLLOW(S)={ $} Constraints
R — L

FOLLOW(R) ={=,$}
FOLLOW(L)={=,$} | Solutions




LR(1) example

S’ S 5 SS—>S$ S >S5 $
S—>L=R|R
ss>L=R |L—>*R]|id
—~(_ ) ‘ @ R > L
@ (1) FIRST($) < FOLLOW(S)
(2) FIRST(=) c FOLLOW(L)

L>*R | (3) FOLLOW(R) = FOLLOW(L)

G ”a O™ | rorcows < rorcowts
(5) FOLLOW(S) = FOLLOW(R)

@ o (6) FOLLOW(L) = FOLLOW(R)

$ c FOLLOW(S)={$} Constraints
L R=>L JFOLLOWR) = {=, $}
e @ FOLLOW(L)={=, %}

Solutions




LR(1) example

S S $ S 5S$

OO0 "
‘\
R S—>R,{$} @ ] R—’L’{$}
| * L5 *R, (= §}
D00 GO0

I

L *R, {=} L —id, {=, $}
® @

L — id, {=}

@ L R—)L,{=,$}



LR(1) example

S S >S$




Recap

1. Use “context” of e-moves to introduce
states corresponding to the terminal(s)
we expect to see after non-terminal

— State dependent FOLLOW
— Subset of FOLLOW

2. Propagate lookahead to reduction rules
3. Perform NFA to DFA conversion



LR(1) items

* Equivalence between LR(1) automaton
and LR(1) item sets

* ALR(1) item s
— An LR(0) item augmented with a lookahead
symbol (terminal), e.g., [A —> . XY Z, a]

—Theitem [A > XY Z ., a] calls for a reduction
only Iif the next input symbol is a




LR(1) items

« CLOSURE(l : item set)
— | = CLOSURE(I)
— |If
« [A— o.BBp,a] € CLOSURE()),

« [B—> ], and
. b e FIRST(B a) <

— Then
« [B —. Y, b] € CLOSURE(l)

— “If we're looking for B § and B — y then we should also be
looking for y”

« GOTO(l, X : symbol)
—If[A>a.XB,a]lelthen[A—> aX.B,a] e GOTO(I,X)
— CLOSURE(GOTO(l, X)) < GOTO(l, X)
— “If we're in state | and see symbol X, we are now in state

I’”




LR(1) parser

* Generate Action table from automaton
— For each edge S —=> S;In LR(1) automaton,
Action[S;,a] = shift S;
— For each “reduce” node S, with reduction [A —
B, a], Action[S,,a] = reduce A — 3

« Exception: If the node corresponds to the reduction
[S’ > S, $], then Action[S,, $] = accept

— All other actions are error
— If there Is a conflict between actions, grammar
IS not in LR(1)

« Goto table generated as in SLR(1)




LALR(1)

LR(1) construction can generate many
more states than SLR(1)

— Lookahead may only be needed for a few
constructs in grammar

— Merge states that only differ on lookahead
symbol (i.e., identical cores)

— Cannot introduce a shift-reduce conflict
because shift actions only depend on core

— May Iintroduce reduce-reduce conflicts



LALR(1) example

. S>S5%
S>.5,% S —>S5.,%
S—»>.CC$ C S—>CC
C>.cCc/d|C[ssc.c$ F={so>cc.$ Co>cCl|d
C—>.d, c/d 7\C—>,cC,$ c C
C—>.d,$ > C—o>c.C $ >C—>cC.$
C—>.cC$
C—>.d $ lC
d
A4
d >C—>d.,$
C
c Coc.Cc/d | S|C—>cC., c/d
>C—>.cC,c/d
C—>.d,c/d | ]C
q vd

\ 4

C->d. c/d




LALR(1) example

S>.5%
S—>.CC $
C—>.cC,c/d
C—>.d, c/d

Wm

WO

d

S>S5%
S—)S.,$ S—)CC
C
s>C.C.$ F=o{s>cc.$ Co>cC|d
C—>.cC % c C
C—>.d % XC—>c.C$ C>cC.$
C—>.cC %
C—>.d $ <
y d
d >C—>d.,$
C
C—»>c.C, c/d ssC—>cC.c/d
C—->.cC,c/d
C—».d,c/d | ]C
vd

> C—>d. c/d




LALR(1) example

. S>S5%
$—>.5% 5 —>5.% S 5 CC
S—»>.CC$ C
C>.cCc/d|C[ssc.c$ F={so>cc.$ Co>cCl|d
C—.d, c/d 1C>.cC$ c c

C—>.d % > C—oc.C,cd$ —>C—>cC., cd$
c C—>.cC, cd$
1 C—.d,cd$ | dC
\ 4 (j

vV

C—>d. cd$




Dealing with ambiqguity

 Commonly, parser generators allow
methods for dealing with ambiguous
grammars

— Precedence and associativity rules for
operators

— Implemented by modifying generated parser
table



JFlex and CUP

» JFlex, a lexer generator for Java
 CUP, a parser generator for Java

* Both take specifications and generate
Java code



JFlex

import java cup.runtime.Symbol;

o\
o\

o\

lass Lexer

o\

c
cup
{

o\

private Symbol symbol (int sym) { return new Symbol (sym, yyline+l, yycolumn+l); }
private Symbol symbol (int sym, Object val) { return new Symbol (sym, val); }

5}

IntLiteral = 0 | [1-9][0-9]~*
new line = \r|\n|\r\n;
white space = {new line} | [ \t\f]

o\°
o\°

return symbol (sym.INT, new Integer (Integer.parselnt (yytext()))); 1}
sym.LPAREN) ; }

sym.RPAREN) ; }
return symbol (sym.PLUS); }

{IntLiteral} (

( return symbol (
") return symbol (
nyn (
{white space} { /* ignore */ }

. 1\n { error("Illegal character <"+ yytext()+">"); }



CUP

/* Terminals (tokens returned by lexer). */
terminal PLUS, MINUS, SLASH, STAR, QUESTION, COLON, LPAREN, RPAREN;

terminal Integer INT;

non terminal Integer Exp;

precedence left QUESTION;
precedence left PLUS, MINUS;
precedence left STAR, SLASH;

Exp ::= INT:1i {: RESULT = 1i; :}

Exp:el PLUS Exp:e?2 {: RESULT = el + e2; }

Exp:el MINUS Exp:e2 {: RESULT = el - e2; :}

Exp:el SLASH Exp:e2 {: RESULT = el / e2; :}

Exp:el STAR Exp:e2 {: RESULT = el * e2; :}

Exp:el QUESTION Exp:e2 COLON Exp:e3 {: RESULT = el == 0 ? e3
LPAREN Exp:el RPAREN {: RESULT = el; :}



