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¥ performs context-free syntax analysis
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¥ constructs an intermediate representation
¥ produces meaningful error messages

¥ attempts error correction
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CS502 Parsing

Notation and terminology

¥ ab,c,."V

¥ AB,C,..." V,

¥UVW,.."V

¥ o,pB,y,..." v$

¥ u,vyw,..." V,$
If A% vy then aAp & ayp is a single-step derivation using A % y
Similarly, & $ and & * denote derivations of' Oand' 1 steps
fs&$ f then B is said to be a sentential form of G

L(G)={w" V¥|S&tw}, w" L(G) is called a sentence of G

Note, L(G) ={p" V| s& B} ( VS
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Syntax analysis

Context-free syntax is specibed with a context-free grammar.

Formally, a CFG G is a 4-tuple (V;,Vy,S,P), where:

V; is the set of terminal symbols in the grammar.
For our purposes, V; is the set of tokens returned by the scanner.

Vu, the nonterminals, is a set of syntactic variables that denote sets of (sub)strings
occurring in the language.
These are used to impose a structure on the grammar.

S is a distinguished nonterminal (S" V,) denoting the entire set of strings in L(G).
This is sometimes called a goal symbol.

P is a bnite set of productions specifying how terminals and non-terminals can be
combined to form strings in the language.
Each production must have a single non-terminal on its left hand side.

The setV =V;#V, is called the vocabulary of G

CS502 Parsing 2

Syntax analysis

Grammars are often written in Backus-Naur form (BNF).

Example:

)goaf
)expr

)expr
)expr)op*)expr
num

id

+

+

$
/

This describes simple expressions over numbers and identibers.

)op*

O~NO O WNPE

In a BNF for a grammar, we represent

1. non-terminals with angle brackets or capital letters
2. terminals with typewriter  font or underline
3. productions as in the example
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Scanning vs. parsing

Where do we draw the line?

term =

| 0l1+9)o+9®
op = +l+IS]
expr = (term op) term

Regular expressions are used to classify:

¥ identibers, numbers, keywords

¥ REs are more concise and simpler for tokens than a grammar
¥ more efpbcient scanners can be built from REs (DFAs) than granmars

Context-free grammars are used to count:

¥ brackets: () , begin...end, if ...then...else
¥ imparting structure: expressions

Syntactic analysis is complicated enough: grammar for C has around 200
productions. Factoring out lexical analysis as a separate phase makes compiler

more manageable.
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Derivations

[a+ zA+ z|([a+ zA+ z] | [0+ 9))®

At each step, we chose a non-terminal to replace.
This choice can lead to different derivations.

Two are of particular interest:

leftmost derivation o
the leftmost non-terminal is replaced at each step

rightmost derivation
the rightmost non-terminal is replaced at each step

The previous example was a leftmost derivation.
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Derivations

We can view the productions of a CFG as rewriting rules.

Using our example CFG:

)JgoaF & ) expr

) expr)op*)expr

) expr)op*)expr)op*)expr
) id,x*)op*)expr+)op*)exprr
) id,x* 4 )expr)op*)expr*

) id,x*+)num2*)op*)expr
) id,x*+)num2*$)expr

) idx*+)num2*$)id,y*

R0 Ro Ro R0 Ro Qo Ro

We have derived the sentence x + 2 $y.
We denote this )goat& $id + num$id .

Such a sequence of rewrites is a derivation or a parse.

The process of discovering a derivation is called parsing.
CS502 Parsing

Rightmost derivation

For the stringx + 2 $y:

)goalk & ) expr

& ) expr)op*)expr

& ) expr)op)id,y*

& ) expr$)idy*

& ) expr)opr)expr$)id,y*
& ) expr)op)num2*$)id,y*
& ) expr+)num2*$)id,y*
& ) idx*+)num2*$)id,y*

Again, )goat& $id + num$id .
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Precedence

+ <num.2>

Treewalk evaluation computes (x + 2) $y

N the OwrongO answer!

Should be x + (2 $y)
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Precedence
Now, for the string x + 2 $y:

)goak ) expr

) expr+ )ternt

) expr+ )ternt $ )factor
) expr+ )ternt $)id,y*

) expr+ )factor $)id,y*

) expr+)num2*$)id,y*
) ternt +)num2*$)id,y*
) factorr +)num2*$)id,y*
) id,x*+)num2*$)id,y*

R0 Ro R0 Ro Ro Ro Ro Qo Ro

Again, )goatk& $id + num$id , but this time, we build the desired tree.

CS502
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Precedence

These two derivations point out a problem with the grammar.
It has no notion of precedence, or implied order of evaluation.
To add precedence takes additional machinery:

)goak
)expr

)expr

)expr + )termt
)exprt+) ternt
Yternt
)Yternt $ )factor
)ternt/)factor
)factor

num

id

Yternt

)factor

©CoOoO~NOUAWDNPRP

This grammar enforces a precedence on the derivation:

¥ terms must be derived from expressions
¥ forces the OcorrectO tree

CS502 Parsing 10

Precedence

<id.x> <num.2>

Treewalk evaluation computes x + (2 $y)
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Ambiguity

If a grammar has more than one derivation for a single sentential form, then it is

ambiguous

Example:

)stmt = if )exprthen )stmt
| if )exprthen )stmtelse )stmt
| other stmts

Consider deriving the sentential form:
if Eqthenif Epthen Spelse S»

It has two derivations.
This ambiguity is purely grammatical.

It is a context-free ambiguity.

CS502 Parsing

Ambiguity

13

Ambiguity is often due to confusion in the context-free specibcation.
Context-sensitive confusions can arise from overloading.

Example:

a = f(17)

In many Algol-like languages, f could be a function or subscripted variable.

Disambiguating this statement requires context:

¥ need values of declarations
¥ not context-free
¥ really an issue of type

Rather than complicate parsing, we will handle this separately.
CS502 Parsing
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Ambiguity

May be able to eliminate ambiguities by rearranging the grammar:
)stmt ;= )matched

| )unmatchedt

)matched = if )expr then )matched else )matched
|  other stmts

Junmatchet!l ::= if )exprthen )stmt

| if )exprthen )matched else )unmatchet!

This generates the same language as the ambiguous grammar, but applies the
common sense rule:

match each else with the closest unmatched then

This is most likely the language designerOs intent.
CS502 Parsing

Parsing: the big picture

14

tokens
arser
grammar ———™ P parser
generator
code IR

Our goal is a flexible parser generator system

CS502 Parsing
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Top-down versus bottom-up

Top-down parsers

¥ start at the root of derivation tree and Pll in
¥ picks a production and tries to match the input
¥ may require backtracking

¥ some grammars are backtrack-free (predictive)
Bottom-up parsers

¥ start at the leaves and Pll in
¥ start in a state valid for legal brst tokens

¥ as input is consumed, change state to encode possibilities
(recognize valid prefixes)

¥ use a stack to store both state and sentential forms

CS502 Parsing 17

Simple expression grammar

Recall our grammar for simple expressions:

)goaf
)expr

)expr

= )expr +)tern¥
| )expr +) term¥
| )ternt

Yternt = )ternt $)factor
| )ternr /)factor
| )factor

= num

| id

)factor

O©CoOoO~NO O~ WNERE

Consider the input stringx + 2$y
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Top-down parsing

A top-down parser starts with the root of the parse tree, labelled with the start or

goal symbol of the grammar.

To build a parse, it repeats the following steps until the fringe of the parse tree

matches the input string

1.

At a node labelled A, select a production A % o and construct the appropriate
child for each symbol of a

backtrack

The key is selecting the right production in step 1

& should be guided by input string

CS502

Example

Parsing

. When a terminal is added to the fringe that doesnOt match th input string,

. Find the next node to be expanded (must have a label in V)

18

ProdOn|

Sentential form

Input

b

)goal
)expr

x

Jexpr + )ternt
yternt + )term
)factor + )ternt
id + )tern¥

id 4+ )ternt

)expr

)expr +) ternt
Yternt + ) ternt
)factor* + ) ternt
id +)ternt

id +)ternr

id +)tern¥
id +) factor
id + num
id + num

DO HOoONTHHO~NHTO~NAWHHO~NNNRF

CS502

id +)ternt

id +) ternt $ )factor*
id + ) factor* $ )factor

id
id
id
id
id

+

¥
¥
¥
¥

num$ )factor
num$ )factor
num$ )factor
num$ id
num$ id

X X X X X X X XX X X XX X X X X X|X X X X XX

Parsing

++++++ T+ AT+ o+

NNONNNRNNRNONNNRNNDNNNNNNDNNDNDDNDNNN

PR PR AP RO APPPADDPDRPPDDPRPSD

oKk K<< <

20



Example Left-recursion

Another possible parse forx + 2 $y Top-down parsers cannot handle left-recursion in a grammar
ProdOn Sentential form | Input Formally, a grammar is left-recursive if
b )goak X+ 28y
1 | )expr X+ 2%y
2 yexprs + )terntt X+ 28y -A" V,suchthat A& T Aa for some string o
2 )expr + )ternmt + Ytern* | ,x + 2 $y
2 )expr + )ternt +- 444 | ,x + 2 $y
2 )expr + )ternt + 444 | ,x + 2 $y
2 aada X+ 28y

If the parser makes the wrong choices, expansion doesnOt teminate.
This isnOt a good property for a parser to have.

Parsers should terminate! Our simple expression grammar is left-recursive
g
CS502 Parsing 21 CS502 Parsing
Eliminating left-recursion Example
To remove left-recursion, we can transform the grammar Our expression grammar contains two cases of left-recursion
g p
)expr = )expr+)ternt
Consider the grammar fragment: | )expr+) ternt
foo* = )foo* | )temr
) Jfoo'a ternt = )ternt$)factor
| B
| )ternr/)factor
where o and  do not start with )foo* | )factor
Applying the transformation gives
We can rewrite this as: ) | )
o expr = )ternt)expr*
))fl;):r* o E))gzr; Jexpr* = 4)tern¥)expr* | +) ternt)expr* | e
|_ . )ternt = )factor)term*
Jterm* = $)factor)term* | /)factor)term™* | e

where )bar* is a new non-terminal With this grammar, a top-down parser will

¥ terminate
¥ backtrack on some inputs

This fragment contains no left-recursion
CS502 Parsing 23 CS502 Parsing



Example

This cleaner grammar debnes the same language

)goak
)expr

)expr

)ternt + )expr
)ternt +) expr
)ternt
)factor $ )tern
)factor*/)ternt
)factor

num

id

)ternt

)factor

©oO~NOUA~WNBR
L A |

Itis
¥ right-recursive
¥ free of e-productions

Unfortunately, it generates different associativity
Same syntax, different meaning
CS502 Parsing 25

How much lookahead is needed?

We saw that top-down parsers may need to backtrack when they select the wrong
production

Do we need arbitrary lookahead to parse CFGs?

¥ in general, yes
¥ use the Earley or Cocke-Younger, Kasami algorithms

Fortunately

¥ large subclasses of CFGs can be parsed with limited lookahead
¥ most programming language constructs can be expressed in a grammar that
falls in these subclasses
Among the interesting subclasses are:

LL(1): left to right scan, left-most derivation, 1-token lookahead; and
LR(1): left to right scan, right-most derivation, 1-token lookahead

CS502 Parsing 27

Example

Our long-suffering expression grammar:

1|)goaF = )expr
2|)expr = )ternt)expr*
3|)expr* = 4)ternt¥)expr*
4 | +)term*)expr*
5 | €

6| )ternt = )factor)term*
7| )term* = $)factor)term*
8 | /)factor)term*
9 | €

10| )factorr = num

11 | id

Recall, we factored out left-recursion
CS502 Parsing 26

Predictive parsing

Basic idea:

For any two productions A % o | #, we would like a distinct way of
choosing the correct production to expand.

For some RHS a." G, dePneFIRST(a) as the set of tokens that appear Prst in
some string derived from a.
That is, for some w" VS w" FIRST(a) iff. a0 & $wy.

Key property:
Whenever two productions A % o and A % { both appear in the grammar, we
would like

FIRST(a) ( FIRST(B) = ¢
This would allow the parser to make a correct choice with a lookahead of only one
symbol!
The example grammar has this property!

CS502 Parsing 28



Left factoring

Example

What if a grammar does not have this property?
Sometimes, we can transform a grammar to have this property.

For each non-terminal A bnd the longest prebx
. common to two or more of its alternatives.

if o £ ¢ then replace all of the A productions
A% aBy|aBz|aaadp,
with
A% oA
A % B1|B2|adafl,
where A is a new non-terminal.

Repeat until no two alternatives for a single
non-terminal have a common prepx.

CSs502 Parsing

Example

Consider a right-recursive version of the expression grammar:

)goaF =
)expr

Yternt

)factor

©oO~NOUNWNBR
R |

To choose between productions 2, 3, & 4,
and look at the +, +, $, or /.

)expr

yternt +)expr
)ternt+) expr
Yternt
)factor $ )ternt
)factor/)ternt
)factor

num

id

the parser must see past the numor id

FIRST(2) ( FIRST(3)( FIRST(4) £ ¢

This grammar fails the test.

Note: This grammar is right-associative.

29 CS502 Parsing 30

Example

There are two nonterminals that must be left-factored:

)exprr = )ternt+)expr
| )ternt+) expr
| termr

= )factor $)ternt
| )factor/)termt
| )factor

)ternt

Applying the transformation gives us:

)exprc = )tern¥)expr*
)expr* = +)expr

| +)expr

| €
Jternt = )factor)term*
Jterm* = $)ternt

| term*

I

€

CS502 Parsing

Substituting back into the grammar yields

)goatr =
)expr =
)expr*

Yternt
)term*

)factor

RPOOWOO~NOURAWNE

e
— T

)expr
)ternt)expr*
—+)expr

+) expr

€
)factor)term*
$)ternt
/)terms

€

num

id

Now, selection requires only a single token lookahead.

Note: This grammar is still right-associative.
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Example

Back to left-recursion elimination

Sentential form Input

+

)goak , X
)expr

Yterm¥)expr*
)factor)term*)expr*
id )term*)expr*

id )term*)expr*

X X X %
o+ 4+

H
e x

id € )expr*
id +) expr*
id +) expr*

id + ) tern)expr*

id + ) factorr)term*)expr*
id + numterm*)expr*

id + numterm*)expr*

I\)I\)NNNMNNNI\)I\)I\)

=

id + nun$ )ternt)expr*

id + nun$ )ternt)expr*

id + nun$ )factor)term*)expr*
id + nun$ id )term*)expr*

id + nun$ id )term*)expr*

id + nun$id )expr*

id + nun$id

ke xxl<

=

N R I A

NRNNNNNNNT

P R N N ST
Hrr e ? Poneooe

oygrog~NBDooNTAOBRONRLD
<<=

X X X X X X X|X X X X[X X X|X =

The next symbol determined each choice correctly.

CS502 Parsing

Generality

Given a left-factored CFG, to eliminate left-recursion:

if - A% Aa then replace all of the A productions
A% Ao B ... |y
with
A% NA
N%B|...]v
A % oA | &
where N and A are new productions.

Repeat until there are no left-recursive productions.
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Recursive descent parsing

Question:

By left factoring and eliminating left-recursion, can we transform an
arbitrary context-free grammar to a form where it can be predictively

parsed with a single token lookahead?

Answer:

Given a context-free grammar that doesnOt meet our conditins, it is
undecidable whether an equivalent grammar exists that does meet our

conditions.

Many context-free languages do not have such a grammar:

[
{d"0b" |n' 1} {d"W%|n' 1}

Must look past an arbitrary number of aOs to discover thed or the 1 and so

determine the derivation.

CS502 Parsing

Now, we can produce a simple recursive descent parser from the
(right-associative) grammar.

goal:
token 0 next _token();
if (expr() = ERROR | token £ EOF) then
return ERROR;

expr:
if (term() = ERROR) then
return ERROR;
else return expr _prime();
expr _prime:
if (token = PLUS) then
token O next _token();
return expr();
else if (token = MINUS) then
token O next token();
return expr();
else return OK;
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Recursive descent parsing

term:
if (factor() = ERROR) then
return ERROR;
else return term  prime();
term _prime:
if (token = MULT) then
token 0 next token();
return term();
else if (token = DIV) then
token 0 next _token();
return term();
else return OK;
factor:
if (token = NUM) then
token 0 next _token();
return OK;
else if (token = ID) then
token 0 next _token();
return OK;
else return ERROR,;

CS502 Parsing

Non-recursive predictive parsing

Observation:

Our recursive descent parser encodes state information in its run-time
stack, or call stack.

Using recursive procedure calls to implement a stack abstraction may not be
particularly efbcient.

This suggests other implementation methods:

¥ explicit stack, hand-coded parser

¥ stack-based, table-driven parser

CS502 Parsing

Building the tree

One of the key jobs of the parser is to build an intermediate representation of the
source code.

To build an abstract syntax tree, we can simply insert code at the appropriate
points:

¥ factor() can stack nodes id , num

¥ term _prime() can stack nodes $, /

¥ term() can pop 3, build and push subtree

¥ expr _prime() can stack nodes +, +

¥ expr() can pop 3, build and push subtree

¥ goal() can pop and return tree

CS502 Parsing 38

Non-recursive predictive parsing

Now, a predictive parser looks like:

stack
A

A
source tokens |table—driven
code scanner = parser ~IR
[
v
parsing
tables

Rather than writing code, we build tables.

Building tables can be automated!
CS502 Parsing 40



Table-driven parsers

Non-recursive predictive parsing

A parser generator system often looks like:

source

grammar —

code

stack
A

y
tokens _dri
—=scanner ‘tabé)ea rggyen
A
y
parser narsing
generator ablas

This is true for both top-down (LL) and bottom-up (LR) parsers

CS502

Parsing

Non-recursive predictive parsing

—IR

Input: a string w and a parsing table M for G

tos 0 O
Stack[tos] 0 EOF
Stack[++tos] O Start Symbol
token 0 next _token()
repeat
X 0 Stack[tos]
if X is a terminal or EOF then
if X = token then
pop X
token 0 next token()
else error()
else /* Xis anon-terminal */
if M[Xtoken] = X % Y1Yoaa¥% then
pop X
push ¥, Y. 1,8881
else error()
until X = EOF
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FIRST

What we need now is a parsing table M.

Our expression grammar:

)goak
)expr
)expr*

Yternt
Yterm*

)factor

POWOWO~NOUOAWDNEPR

o

Its parse table:

we use $ to represent EOF

CS502

)expr+ id [num| + |+ | $|/|$
Ytern)expr* )ygoat [ 1 [ 1 [P P[P][P] P
+)expr expr [ 2 2 | D[ D|D|[D| D
+) expr* )expr* | B| D |3 |4 |DP|D|5
€ yternt | 6 | 6 |D|D|D|D| D
Yfactor)term* yerm* | | B |9/9|7[8|9
$)term¢ )factor | 11| 10 | D | B |D|D| D
/)terntt
€
num
id

Parsing

For a string of grammar symbols o, debPne FIRST(a) as:
¥ the set of terminal symbols that begin strings derived from a.:
{a" Vila&®ap}
¥lfa&®ethene” FIRST(q)
FIRST(a) contains the set of tokens valid in the initial position in o
To build FIRST(X):

1. If X" V; then FIRST(X) is { X}
2. If X % ¢ then add ¢ to FIRST(X)
3. If X % Y1Y48%:
(a) Put FIRST(Y71) + {¢€} in FIRST(X)
(b) 1i:1<i2 k,ife" FIRST(Y1)( A4@FIRST(Yi+1)
(i.e., Y1488 1 & %¢)
then put FIRST(Y;) + {€} in FIRST(X)
(c) Ife" FIRST(Y1) ( A&4@FIRST(Y;) then put & in FIRST(X)
Repeat until no more additions can be made.
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FOLLOW

For a non-terminal A, dePneFoLLOW(A) as

the set of terminals that can appear immediately to the right of A in some
sentential form

Thus, a non-terminal®s FOLLOW set specibes the tokens thatan legally appear
after it.
A terminal symbol has no FOLLOW set.
To build FOLLOW(A):
1. Put$in FoLLow()goal)
2. If A% aBp:

(@) PutFIRST(B)+ {&} in FoLLOW(B)
(b) Ifp=c(i.e., A% aB)ore" FIRST(B) (i.e., p & $s) then put FOLLOW(A) in
FOLLOW(B)

Repeat until no more additions can be made
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LL(1) grammars

Provable facts about LL(1) grammars:

. No left-recursive grammar is LL(1)
. No ambiguous grammar is LL(1)
. Some languages have no LL(1) grammar

A WD P

. A eDfree grammar where each alternative expansion forA begins with a
distinct terminal is a simple LL(1) grammar.

Example

¥ S% aS|ais not LL(1) because FIRST(aS) = FIRST(a) ={a}
¥ S%aS
S % aS | ¢
accepts the same language and is LL(1)
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LL(1) grammars

Previous definition

A grammar G is LL(1) iff. for all non-terminals A, each distinct pair of

productions A % B and A % vy satisfy the condition FIRST(B) FIRST(y) = ¢.

What if A & $¢?
Revised definition

A grammar G is LL(1) iff. for each set of productions A % o | ap | 44dad,:

1. FIRST(a1),FIRST(02),...,FIRST(ay,) are all pairwise disjoint
2. If ;& $e then FIRST(at;)  FOLLOW(A) = ¢,112 j2 n il j.

If G is e-free, condition 1 is sufbcient.

CS502 Parsing

LL (1) parse table construction

46

Input: Grammar G
Output: Parsing table M
Method:

1. 1 productions A % o
(@) la" FIRST(0), add A % o to M[A,d]
(b) Ife" FIRST(Q):
i. 1b" FOLLOW(A), add A% o to M[A,b]
ii. If$" FoLLOW(A) then add A % o to M[A, 9|

2. Set each undebned entry of M to error

If - M[A, a] with multiple entries then grammar is not LL(1).

Note: recall a,b" V;,s0a,bk¢

CS502 Parsing
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Example

Our long-suffering expression grammar:

S% E T% FT-:
E% TE: T %S$T|/T |
E-%+E|+E|¢|F%id | num

\ FIRST [ FOLLOW
S {numid } {$}
E |[{numid} {$}
E |{e,+,+} % id num + + $ / $
T {numid}| {+,+,%} S| SE | SHE + + + + +
T {8/} | {++.8 E|[E%TE|[E% TE| + + + + +
F {numid }[{+,+.%,/,8}| |E + + E % +EE %+E| + + |[E%¢e
id | {id} + T|T % FT|T % FT- + + + + +
num {nun} + T + + T %e | T %e|T"%STT"%/TIT %¢
$] {% + F[F%id [F% num + + + + +
ARV +
+ | {+} +
+ {+} +
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A grammar that is not LL(1)

= if )expr then )stmt

| if )exprthen )stmt else )stmt

|

Left-factored:

)stmtr = if )exprthen )stmt )stmt*|...
)stmt* else )stmt| ¢

Now, FIRST()stmt*) ={¢,else }

Also, FoLLow()stmt*) = {else ,$}

But, FIRST()stmt*) = FoLLow()stmt*) ={else } £ ¢

)stmt*

On seeing else , conBict between choosing
)stmt* ;:= else )stmt and )stmt* ;= ¢

& grammar is not LL(1)!

The bx:

Put priority on )stmt* ::= else )stmt to associate else with closest
previous then.
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Building the tree

Again, we insert code at the right points:

tos 0 O
Stack[tos] 0 EOF
Stack[++tos] 0 root node
Stack[++tos] 0 Start Symbol
token 0 next _token()
repeat
X 0 Stack]tos]
if X is a terminal or EOF then
if X = token then
pop X
token 0 next _token()
pop and Pll in node
else error()
else /* Xis anon-terminal */
if M[Xtokenl =X % Y1Y,44% then
pop X

pop node for X
build node for each child and
make it a child of node for X
push ny, Yi,ngs 1, Y+ 1,8821, Y1
__else error()
until X = EOF

CS502 Parsing 50

Error recovery

Key notion:
¥ For each non-terminal, construct a set of terminals on which the parser can
synchronize
¥ When an error occurs looking for A, scan until an element of SYNCH(A) is
found

Building SYNCH:
1. a" FOLLOW(A) & a" SYNCH(A)
2. place keywords that start statements in SYNCH(A)
3. add symbols in FIRST(A) to SYNCH(A)

If we canOt match a terminal on top of stack:

1. pop the terminal
2. print a message saying the terminal was inserted
3. continue the parse

(i.e., SYNCH(a) = V; + {a})
CS502 Parsing 52



LL (k) parsing

Definition:

G is strong LL(k) iff. for A% pand A% y (B &),

FIRST;(BFOLLOW(A)) FIRST;(YFOLLOW(A)) =¢
LL(1) = Strong LL(1), but Strong LL(k) 3 LL(k) for k > 1.
Definition:

Gis LL(k) iff.:

1. S& P wAa& jm wha & Swx

2. S& P wAw & mwya & Swy

3. FIRST,(x) = FIRST,(y)

& p=y
i.e., knowing w, A, and next k input tokens, FIRST,(x) = FIRST,(y) accurately
predicts production to use: A% B(=Yy)

¥ LL(k) 3 LL(k+1)
¥ Strong LL(k) 3 Strong LL(k+1)
¥ Strong LL(k) 3 LL(k),k>1
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Some debnitions

Recall

For a grammar G, with start symbol S, any string a such that S & $ais called a
sentential form

¥Ifa" V,$, then a is called a sentence in L(G)
¥ Otherwise it is just a sentential form (not a sentence in L(G))

A left-sentential form is a sentential form that occurs in the leftmost derivation of
some sentence.

A right-sentential form is a sentential form that occurs in the rightmost derivation
of some sentence.
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Strong LL (k): example

Consider the grammar, G: G%S$ S$%ada A%b L(G)={aba$,aa$,bbba$, bba}
S%bAba A%e

G is NOT LL(1):
Predict(A % b) = FIRST1(b) = { b}
Predict(A % ¢) = FOLLOW1(A) = {a, b}

G is NOT Strong LL(2):
Predict(A % b) = FIRST2(bFOLLOW2(A)) = {ba,bb}
Predict(A % ¢) = FIRST(eFOLLOW2(A)) = {a$, ba}

GisLL(2):
In aAa: Predict(A % b) = { ba} and Predict(A % ¢) = {a$}
In bAba: Predict(A % b) = {bb} and Predict(A % ¢) = {ba}
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Bottom-up parsing

Goal:

Given an input string w and a grammar G, construct a parse tree by
starting at the leaves and working to the root.

The parser repeatedly matches a right-sentential form from the language against
the treeOs upper frontier.

At each match, it applies a reduction to build on the frontier:

¥ each reduction matches an upper frontier of the partially built tree to the RHS
of some production

¥ each reduction adds a node on top of the frontier

The Pnal result is a rightmost derivation, in reverse.
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Example

Consider the grammar

1/S % aABe
2|/A % Abc
3 | b
4/B % d

and the input string abbcde

ProdOn| Sentential Form
a bbcde

a Abclde

aAldle

S

DR AN W

The trick appears to be scanning the input and bnding valid sentential forms.
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Handles
S
o
/A\
|3 w

The handle A % f in the parse tree for afw
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Handles

What are we trying to find?

A substring o of the treeQs upper frontier that

matches some production A % o where reducing o to A is one step in the
reverse of a rightmost derivation

We call such a string a handle.

Formally:

a handle of a right-sentential form y is a production A % f and a position
in y where  may be found and replaced by A to produce the previous
right-sentential form in a rightmost derivation of y.

ie,ifS& ?m aAw & rm apw then A % {3 in the position following o is a handle of afw
Because v is a right-sentential form, the substring to the right of a handle contains
only terminal symbols.
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Handles

Theorem:

If G is unambiguous then every right-sentential form has a unique handle.

Proof: (by definition)

1. G is unambiguous & rightmost derivation is unique

2. & aunique production A % 3 applied to take y;+ 1 toy;

3. & aunique position k at which A % f is applied

4. & aunique handle A%
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Example

The left-recursive expression grammar

©COoO~NOOUOA~WNPR

)goak
)expr

Yternt

)factor

CS502

)expr
)expr + )ternt
)expr+) ternt
Yternt
)Yternmt $ )factor
)ternt/)factor*
)factor

num

id

Parsing

Stack implementation

ProdOn|

(original form)

Sentential Form

O~NDhO~NOTOWERDYH

)goak

)expr

)expr +) ternt

)expr +) ternt $ )factor
Yexpr + ) ternt $id
Yexpr + ) factor $ id
Yexpr + num$ id

Yternt + num$ id
)factor + num$id

id + num$id
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One scheme to implement a handle-pruning, bottom-up parser is called a
shift-reduce parser.

Shift-reduce parsers use a stack and an input buffer

1.

initialize stack with $

2. Repeat until the top of the stack is the goal symbol and the input token is $

a) find the handle
if we donOt have a handle on top of the stackshift an input symbol onto the

stack

b) prune the handle
if we have a handle A % f on the stack, reduce

i) pop | B | symbols off the stack

i) push A onto the stack

CS502
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Handle-pruning

The process to construct a bottom-up parse is called handle-pruning.

To construct a rightmost derivation

S=v0& 71& 72& 44& v;+1& Tn=w

we set i to n and apply the following simple algorithm

for i = n downto 1

1. find the handle

A% B; in vy,

2. replace p; with A; to generate y;+q1

This takes 2n steps, where n is the length of the derivation
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Example: backto x+ 23y
Stack Input Action
$ id + num$id | shift
$id + num$id | reduce 9
1|)goak = )expr $)factor + num$id | reduce 7
2|)expre 1= )expr+)ternt $)tern® + num$id | reduce 4
3 | )expr+) termt $)expr + num$id | shift
4 | Hternt gexpg + num: |g sh(ijft .
. expr + num id | reduce
5\)ternt = )termr$)factor $)exgr* +) factor+ $id | reduce 7
6 | )ternt/)factort $)expr + ) ternt $id | shift
7 | )factorr $)exprt + ) ternt $ id | shift
8 | )factor := num $)expr +) ternt $id reduce 9
9 | id $)expr +) ternt* $ Yfactor reduce 5
$)expr + ) ternt reduce 3
$)expr reduce 1
$)goalk accept

1. Shift until top of stack is the right end of a handle

2. Find the left end of the handle and reduce

5 shifts + 9 reduces + 1 accept
CS502
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Shift-reduce parsing LR parsing

Shift-reduce parsers are simple to understand The skeleton parser:

A shift-reduce parser has just four canonical actions: push sg

token 0 next _token()

repeat forever
s 0 top of stack

1. shift N next input symbol is shifted onto the top of the stack

2. reduce N right end of handle is on top of stack; if action[s,token] = "shift 5" then
locate left end of handle within the stack; push ;
handle off stack and h ot ‘ inal LHS token 0 next token()
pop handle off stack and push appropriate non-termina eIs% it action[s.token] = “reduce A% B
- then
3. accept N terminate parsing and signal success pop | B| states
. s'0 top of stack
4. error N call an error recovery routine push goto[s -, A]
o ) ) else if action[s, token] = "accept" then
Key insight: recognize handles with a DFA: return

else error()
¥ DFA transitions shift states instead of symbols

¥ accepting states trigger reductions This takes & shifts, / reduces, and 1 accept, where k is the length of the input
string and [ is the length of the reverse rightmost derivation
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Example tables Example using the tables
state ACTION GOTO Stack | Input | Action
d + $ $ |)expr )ternt )factor $0 d$id+id$| s4
0 s4 b b b 1 2 3 $04 $id+id$ ré
1 P P b ac¢ b b b $03 $id+id$| s6
2 b s5 b r3 b b b $036 id+id$ s4
3 b 5 s6 5 b b b $0364 +id$ ré
4 b 6 6 16 b b b $0363 +id$ 5
5 s4 b b b 7 2 3 $0368 +id$ r4
6 |s4 b b b b 8 3 $02 +id$ | sb5
7 b b b r2 b b b $025 id$ s4
8 P 4 b r4 b b b $02514 $ ré
$0253 $ r5
The Grammar $0252 $ 3
1|)goaF = )expr $0257 $| r2
2|)expr = )term*+)expr $01 $| acc
3 | ternt
4| )ternt = )factor$)ternt
5 | )factor
6 | )factorr ;= id

Note: This is a simple little right-recursive grammar; not the same as in previous lectures.
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LR (k) grammars

Informally, we say that a grammar G is LR(k) if, given a rightmost derivation
S=v& y1& 12& aa& y,=w,

we can, for each right-sentential form in the derivation,

1. isolate the handle of each right-sentential form, and
2. determine the production by which to reduce

by scanning vy; from left to right, going at most k symbols beyond the right end of
the handle of v;.
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Why study LR grammars?

LR(1) grammars are often used to construct parsers.
We call these parsers LR(1) parsers.

¥ virtually all context-free programming language constructs can be expressed
in an LR(1) form

¥ LR grammars are the most general grammars parsable by a deterministic,
bottom-up parser

¥ efpcient parsers can be implemented for LR(1) grammars

¥ LR parsers detect an error as soon as possible in a left-to-right scan of the
input

¥ LR grammars describe a proper superset of the languages recognized by
predictive (i.e., LL) parsers

LL (k): recognize use of a production A % 3 seeing Prstk symbols derived
from B

LR (k): recognize the handle B after seeing everything derived from f plus &
lookahead symbols
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LR (k) grammars

Formally, a grammar G is LR(k) iff.:

1. S& ¥, aAw & mm apw, and
2. S& %, yBx & ym apy, and

3. FIRSTi(w) = FIRST.(y)

& aAy =yBx

i.e., Assume sentential forms affw and afy, with common prebxaf and common
k-symbol lookahead FIRST(y) = FIRST,(w), such that afjw reduces to aAw and
afy reduces to yBx.

But, the common prebx means afy also reduces to aAy, for the same result.

Thus oAy = yBx.
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LR parsing

Three common algorithms to build tables for an OLRO parser:

1. SLR(1)
¥ smallest class of grammars
¥ smallest tables (number of states)
¥ simple, fast construction

2. LR(1)
¥ full set of LR(1) grammars
¥ largest tables (number of states)
¥ slow, large construction

3. LALR(1)

¥ intermediate sized set of grammars

¥ same number of states as SLR(1)

¥ canonical construction is slow and large
¥ better construction techniques exist

An LR(1) parser for either Algol or Pascal has several thousand states, while an
SLR(1) or LALR(1) parser for the same language may have several hundred
states.
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LR (k) items

The table construction algorithms use sets of LR(k) items or configurations to
represent the possible states in a parse.

An LR(k) item is a pair [a, 8], where

o is a production from G with a ¥ at some position in the RHS, marking how
much of the RHS of a production has already been seen

B is a lookahead string containing k symbols (terminals or $)

Two cases of interest are k=0and k = 1:

LR(0) items play a key role in the SLR(1) table construction algorithm.

LR(1) items play a key role in the LR(1) and LALR(1) table construction
algorithms.

CSs502 Parsing

The characteristic bPnite state machine (CFSM)

73

The CFSM for a grammar is a DFA which recognizes viable prefixes of
right-sentential forms:

A viable prefix is any prebx that does not extend beyond the handle.

It accepts when a handle has been discovered and needs to be reduced.

To construct the CFSM we need two functions:
¥ closureQ (I) to build its states

¥ goto0 (1,X) to determine its transitions

CSs502 Parsing
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Example

The ¥ indicates how much of an item we have seen at a given state in the parse:

[A% ¥XYZ] indicates that the parser is looking for a string that can be derived
from XYZ

[A% XY ¥Z] indicates that the parser has seen a string derived from XY and is
looking for one derivable from Z

LR(0) items:  (no lookahead)

A% XYZ generates 4 LR(0) items:

1. [A% ¥XYZ]
2. [A% X ¥YZ)
3. [A% XY ¥Z]
4. [A% XYZ¥|
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closureO

Given an item [A % o ¥Bp)], its closure contains the item and any other items that
can generate legal substrings to follow a.

Thus, if the parser has viable prebxa on its stack, the input should reduce to Bf
(or y for some other item [B % ¥y] in the closure).

function closureO( 1)
repeat
if [A% a¥Bp|" I
add B% ¥] to 1
until no more items can be added to I
return [
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gotoO Building the LR (0) item sets

Let I be a set of LR(0) items and X be a grammar symbol. We start the construction with the item [S- % ¥S$|, where

Then, coTO(/,X) is the closure of the set of all items S is the start symbol of the augmented grammar G-
S is the start symbol of G

0 0, "
[A % oX ¥pB] such that [A % o ¥Xp]" I $ represents EOF

If I is the set of valid items for some viable prebxy, then GoTo(7,X) is the set of

. . To compute the collection of sets of LR(0) items
valid items for the viable prebPxyX.

function items( G)

GoTO(I,X) represents state after recognizing X in state I. 500 closure0 ({[S- % ¥s$]})

function gotoO( 1, X) SO {sq}
let J be the set of items [A % oX ¥p] repeat
such that [A% a¥Xp]" I for each set of items s" S
return closure0( J) for each grammar symbol X

if goto0 (s,X)~E¢ and gotoO(s,X) /" S
add gotoO(s,X) to S
until no more item sets can be added to S

return S
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LR (0) example Constructing the LR (0) parsing table
1S % E$ In: S% ¥ES$ In: E%EATY 1. construct the collection of sets of LR(0) items for G-
2|E % E+T E%Y¥E+T Is: T%id ¥ . :
3 |° T + e (y‘o’ I + 12 LT (;; I(¥E) 2. state i of the CFSM is constructed from J;
41T % id T % ¥%d EY%Y¥E+T (@) [A% a¥af]" I; and gotoO (I;,a) = I;
5 | (E) T % ¥(E) E % ¥T & ACTION[i,a] 0 Ghift jO
The corresponding CFSM: h: ;Z//O i_iﬁ_T ; 3’ zl((;i) (b) A% a¥" [LAES
(] (] . . .
L S% ES¥ I T % (E¥) & ACTION[i,a] 0 Qeduce A% 0O la
I3 E%E+Y¥T E% E¥+T (c) [S% S$4" I;
T % ¥d Ig: T % (E)¥ & ACTION[i,a] 0 GacceptOla
T % ¥(E) Ig: E% T¥

3. gotoO (I;,A) =1;
& GOTO[i,A]0 j
4. set undebned entries in ACTION and GOTO to @rrorO

5. initial state of parser sg is closure0 ([S- % ¥S$)
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LR(0) example ConBicts in the ACTION table

State ACTION GOTO If the LR(0) parsing table contains any multiply-debned ACTION entriesthen G is
id () + $[SET not LR(0)
0 |s5s6 D B PPl 9 Two conRicts arise:
1| b D s3s2bb
2 |accaccaccaccaccb b shift-reduce: both shift and reduce possible in same item set
3 |sbs6 b b DPbb 4 L . . .
412222 2bp reduce-reduce: more than one distinct reduce action possible in same item set
51|rd r4d r4 14 4 PD . . .
6 1s5s6 D P PP79 ConBicts can be resolved through lookahead in ACTION. Consider:
7| D b s8 s3 bbb
0,
8 15 15 15 15 15DD ¥ A%e|an _
913 mk 3 ke & shift-reduce confict
¥ a:=b+c*d

requires lookahead to avoid shift-reduce conf3ict after shifting ¢
(need to see * to give precedence over +)
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SLR(1): simple lookahead LR From previous example

& GOTO[i,A]0 j

4. set undebned entries in ACTION and GOTO to @rrorO
5. initial state of parser sq is closure0 ([S- % ¥S$])

CS502
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Add lookaheads after building LR(0) item sets 11S % E$
0, = =
Constructing the SLR(1) parsing table: ; E T) ?JFT ';?aLt;OW(fc):TISELLO\ggT)O‘ {8+
o i .
1. construct the collection of sets of LR(0) items for G- g’ d T) '85) o Id5(6)D+ D$ Df)El 2‘
s5s
2. state i of the CFSM is constructed from ; 1 /PP Ps3 acb D
(@) [A% a¥af]" I; and gotoO (I;,a) = I; 2| bbbb BB
& ACTION[i,a] 0 Ghift jOlal=$ 3 |s5s6 D D PPD 4
() [A% a¥" [,AES ] 4 |bbr2r2 2bb
& ACTION[i,a] 0 Qeduce A% aOla" FOLLOW(A) 5 |Dbrdrd r4bb
opuss eSS Bl
& ACTION[i,$] 0 @cceptO 8 B Br55 50D
3. gotoO0 (1;,A) = I; 9 |P Dr3r3d3pD

Parsing
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Example: A grammar thatis not LR (0)

Example: Butitis SLR (1)

Io:S % ¥ES Is: F % (¥E) state ACTION GOTO
E%YE+T E%YE+T + $id () $|S E T F
E % ¥T E% ¥T 0 [P D s5 s6 b D[P 1 7 4
1S % ES$ T % ¥T $F T % ¥T $F 1 (s3 P P B H awh D P B
2|E % E+T T % ¥F T % ¥F 2 | P P P B HD B D B
3 | T F % ¥id F % ¥id 3 |b b s5 s6 b DD DB 11 4
4T % TS$F F % ¥(E) F % ¥(E) 4 |r5 15 P P 15 5P P P B
5 | F I1:S% E¥$ It E%T¥ 5 |6 16 D D 16 r6|D P D B
6|F % id E%E¥+T T % T¥$F 6 |D Db s5 s6 P D|b 12 7 4
7 | (E) I:S% E$¥ Ig: T% T $¥F 7 |13 s8 P P 13 r3|b B D B
CSllow I3:E% E+¥T F % ¥id 8 |D D s5 s6 B BB B B 9
T % ¥T $F F % ¥E) 9 |r4 14 P D 4 4D P P B
E| {+)$% T % ¥F Ig: T% T3$F¥ 10 |r7 r7 P P 7 7/ P P B
T {+3%)3% F % ¥d Iio:F % (E)¥ 11 |12 s8 P B 2 r|p P b §
Fl{+%).%} F % ¥(E) I1:E% E+T¥ 12 |s3 b P D sl0 PP B H §
I4:T % F¥ T % T ¥$F
I5:F % id ¥ [12:F%(E¥)
E% E¥+T
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Example: A grammar that is not SLR (1) LR(1) items
Consider: Its LR(0) item sets: Recall: An LR(k) item is a pair [, ], where
S % L=R Io:S % ¥5$ I5: L% $¥R ) . . o .
| R S% ¥L=R R % ¥I a is a production from G with a ¥ at some position in the RHS, marking how
L % $R S % ¥R L% ¥$R much of the RHS of a production has been seen
| id L% ¥_$R L% %d f is a lookahead string containing & symbols (terminals or $)
R % L L% ¥id Ig:S% L=¥R
R% ¥L R% %L What about LR(1) items?
11:5 % S¥$ L% ¥$R
:S% [¥=R L % ¥d ¥ All the lookahead strings are constrained to have length 1
R% L¥ I7:L % $R¥ o
I3:S% R¥ Ig:R% L¥ ¥ Look something like [A % X ¥YZ,q]
Ip:L%id ¥ Ig:S% L=R¥

Now consider Ip: = "

CS502

FOLLOW(R) (S& L=R&$R=
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LR(1) items

WhatOs the point of the lookahead symbols?

¥ carry along to choose correct reduction when there is a choice
¥ lookaheads are bookkeeping, unless item has ¥ at right end:
D in [A% X ¥YZ,a], a has no direct use
D in [A% XYZ¥,a], a is useful
¥ allows use of grammars that are not uniquely invertible

The point : For [A % o¥,a] and [B % o¥,b|, we can decide between reducing to A
or B by looking at limited right context

No two productions have the same RHS
CSs502 Parsing

gotol (I)

Let I be a set of LR(1) items and X be a grammar symbol.

Then, coTO(/,X) is the closure of the set of all items
[A % oX ¥B,a] such that [A % o ¥XpB,a]" 1

If I is the set of valid items for some viable prebxy, then coTo(7,X) is the set of
valid items for the viable prebPxyX.

goto(Z,X) represents state after recognizing X in state 1.

function gotol( 1, X)
let J be the set of items [A% oX¥f,d]
such that [A% a¥Xf,a]" I
return closurel( J)

CS502 Parsing

closurel (1)

Given an item [A % a¥Bp,d], its closure contains the item and any other items that

can generate legal substrings to follow a.

Thus, if the parser has viable prebxa on its stack, the input should reduce to Bf
(or y for some other item [B % ¥y, b] in the closure).

function closurel( 1)
repeat
if [A% a¥BB,a]" I
add [B% ¥.,b] to I, where b" first (Ba)
until no more items can be added to I
return [

CS502 Parsing

Building the LR (1) item sets for grammar G

920

We start the construction with the item [S % ¥S,$], where

S is the start symbol of the augmented grammar G-
S is the start symbol of G
$ represents EOF

To compute the collection of sets of LR(1) items

function items( G°)

s00 closurel ({[S-% ¥S,$]})
SO0 {so}
repeat

for each set of items s" S

for each grammar symbol X
if gotol (s,X)~¢ and gotol(s,X)/"S
add gotol(s,X) to S

until no more item sets can be added to S
return S

CS502 Parsing
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Constructing the LR (1) parsing table

Build lookahead into the DFA to begin with

1. construct the collection of sets of LR(1) items for G-

2. state i of the LR(1) machine is constructed from ;

(@) [A% a¥aP,b]" I; and gotol (I;,a) =1;
& ACTION[i,a] 0 Ghift jO
(0) [A% o¥,a]" [, Al S

& ACTION[i,a] 0 Qeduce A% a0

(C) [S % S¥,$] "

& ACTION[i,$] 0 GcceptO

3. gotol (I;,A) =1;
& GOTO[i,A]0 j

4. set undebned entries in ACTION and GOTO to @rrorO

5. initial state of parser sg is closurel ([S- % ¥S,%])

CS502
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Example: back to SLR (1) expression grammar

In general, LR(1) has many more states than LR(0)/SLR(1):

WN P

LR(1) item sets:

In:

SWY¥E, $
E%¥E+T,+$
E%¥T, +9%
T % ¥T $F, $+9%
T%¥F, $+%
F%¥d, $+$
F%¥E), $+$

CSs502

S
E %

% FE

| T

I :shifting (
F % (¥E),

4\T
E+T 5
6| F
7

$+$

E%Y¥E+T,+)

E % ¥T,

+)

T % ¥T $F, $+)

T % ¥F,
F % ¥%d
F % ¥(E),

$+)
$+)
$+)

Parsing

T$F

(E)

I :shifting (
F % (¥E),

$+)

E%¥E+T,+)

E % ¥T,

+)

T % ¥T $F, $+)

T % ¥F,
F%¥%d,
F % ¥(E),

$+)
$+)
$+)

Back to previous example (/" SLR(1))

S % L=R Ip:S %Y, $ Ig: L%id¥, =$
| R S%¥L=R$ Ig: SL=¥R'$
L % $R S % ¥R, $ R% ¥L, $
| id L% ¥$R, = L% ¥3$R, $
R % L L% ¥d, = L% ¥d, $
R% ¥L, $ I;: L%SRY, =%
L% ¥$R, $ Ig: R% L¥, =%
L% ¥d, $ Ig: S% L=R¥$
IS % S¥ $ Io:R% L¥, $
L:S%IL¥=R,$ I1:L%S$¥R, $
R% L¥, $ R % ¥L, $
I3: S % RY, $ L% ¥$R, $
In:L%S$YR, =% L%Y¥d, $
R% ¥L, =$ Io:L%id¥, $
L% ¥$R, =% I13: L% $R¥, $
L%¥d, =8$%
I no longer has shift-reduce conBict: reduce on $, shift on=
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Another example
Consider: LR(1) item sets:
0|S % S Ip:S % ¥, $ Ip:C% d¥, cod
1S % cCC S% ¥CC, $ I5:S% CC¥, $
2|C % cC C % ¥cC, cd Ig:C% c¥C,$
3 | d C%¥d, cd C% ¥C, $
L:S%S8¥ $ C%¥, $
state fC;'Og SOZO Lr:S% C¥C,$ :C%d¥ $
C% ¥, $ Ig:C % cC¥, cd
0 |s3s4 B 1 2 C%¥d, $ Ig:C% cC¥, $
1D Db acgb b I3:C% c¥C, cd
2 |ses7 DB 5 C% ¥%C, cd
3 |s3s4 Db 8 C%¥d, cd
4 r3r3 bbb b
5 |b b r1b b
6 |s6s7 DB 9
7 |b b r3b b
8 |[”2r2 bbb b
9 bbb r2b b

CS502
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LALR (1) parsing LALR (1) table construction

Debne the core of a set of LR(1) items to be the set of LR(0) items derived by To construct LALR(1) parsing tables, we can insert a single step into the LR(1)
ignoring the lookahead symbols. algorithm

Thus, the two sets

¥ {[A% a¥p,al,[A% a¥p,b}, and (1.5) For each core present among the set of LR(1) items, bnd all sets having that

core and replace these sets by their union.
¥ {[A% a¥p,c],[A% a¥p,d]}

The goto function must be updated to reRect the replacement sets.
have the same core.
Key idea:
If two sets of LR(1) items, J; and ;, have the same core, we can merge
the states that represent them in the ACTION and GOTO tables.

The resulting algorithm has large space requirements.
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LALR (1) table construction Example
The revised (and renumbered) algorithm Reconsider: Ip:S%¥S, $ [3:C%c¥C,cd I5:C% c¥C,$
Y S% ¥CC, $ C % ¥C, cd C%¥%C, $
1. construct the collection of sets of LR(1) items for G- (1) g Of’ gC C % ¥cC, cd C%¥d, cd C%¥d, $
(1] . .
2. for each core present among the set of LR(1) items, bnd all sets having that olc % o C%¥d, cd I4:C%d¥ cd I:C%d¥% $
core and replace these sets by their union (update the goto function 3 d [:§ %% S I5:S%CC¥ $  Ig:C%cC¥, cd
( t|||o) y P 9 | L:S% C¥C,$ Ig:C% cC¥, $
incrementally 0
, - CH¥C, $ fate] ACTION [GOTO
3. state i of the LALR(1) machine is constructed from 7;. C%¥, $ c d 35 C
() [A% a¥aB,b]" I; and gotol (I;,a) = I; ';"er_gce‘:/Sta;zS: 5 0 [s36s47 DL 2
& ACTION[i,a] 0 Ghift jO 36-C0/° gécC’Cd$ 1D D ac® b
0 " _ 0¥, ¢ 2 |s36s47 DP 5
& ACTION[i,a] 0 Qeduce A % aq ] I47ECZA) d¥, cd$ 47 '3 13 3lp P
(©) [S'% S¥,8]" ; & ACTION[;,$]0 CacceptO Igg: C % cC¥, cd$ 59 P rp P
4. gotol (I;,A) = 1; & GOTO[i,A]0 j 89[rz 12 12jp B

5. set undebned entries in ACTION and GOTO to @rrorO

6. initial state of parser sqg is closurel ([S- % ¥S,9])
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More efbcient LALR (1) construction

Observe that we can:

¥ represent I; by its basis or kernel:
items that are either [S- % ¥S, 9|
or do not have ¥ at the left of the RHS

¥ compute shift, reduce and goto actions for state derived from I; directly from
its kernel

This leads to a method that avoids building the complete canonical collection of
sets of LR(1) items
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The role of precedence

With precedence and associativity, we can use:

E % ESE
| E/E

| E+E

| E+E

| (B)

| -E

| id

| num

This eliminates useless reductions (single productions)
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The role of precedence

Precedence and associativity can be used to resolve shift/reduce conRicts in
ambiguous grammars.

¥ lookahead with higher precedence & shift
¥ same precedence, left associative & reduce

Advantages:

¥ more concise, albeit ambiguous, grammars

¥ shallower parse trees & fewer reductions

Classic application: expression grammars

CS502 Parsing 102

Error recovery in shift-reduce parsers

The problem

¥ encounter an invalid token
¥ bad pieces of tree hanging from stack
¥ incorrect entries in symbol table
We want to parse the rest of the ple
Restarting the parser

¥ bnd a restartable state on the stack
¥ move to a consistent place in the input
¥ print an informative message to stderr (line number)
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Error recovery in yacc/bison/Java CUP

Example

The error mechanism

¥ designated token error
¥ valid in any production

¥ error shows syncronization points
When an error is discovered

¥ pops the stack until error is legal
¥ skips input tokens until it successfully shifts 3
¥ error productions can have actions

This mechanism is fairly general

See oError Recovery of the on-line CUP manual
CS502 Parsing

Left versus right recursion

Using error

stmt list : stmt
| stmt list ; stmt

can be augmented with error

stmt list : stmt
| error
| stmt list ; stmt

This should

¥ throw out the erroneous statement
¥ synchronize at QO or €ndO

¥ invoke yyerror("syntax error")

Other OnaturalO places for errors

¥ all the OlistsCFieldList , CaseList
¥ missing parentheses or brackets (yychar)
¥ extra operator or missing operator
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Parsing review

Right Recursion:
¥ needed for termination in predictive parsers
¥ requires more stack space
¥ right associative operators
Left Recursion:
¥ works Pne in bottom-up parsers
¥ limits required stack space
¥ left associative operators
Rule of thumb:
¥ right recursion for top-down parsers

¥ left recursion for bottom-up parsers
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Recursive descent

A hand coded recursive descent parser directly encodes a grammar (typically
an LL(1) grammar) into a series of mutually recursive procedures. It has most
of the linguistic limitations of LL(1).

LL(k)

An LL(k) parser must be able to recognize the use of a production after
seeing only the brstk symbols of its right hand side.

LR(k)

An LR(k) parser must be able to recognize the occurrence of the right hand
side of a production after having seen all that is derived from that right hand
side with k symbols of lookahead.
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Complexity of parsing: grammar hierarchy

ambiguous
type! 0:
a—>p

Language vs. grammar
unambiguous

type! 1: context! sensitive
aAB—>adp

Linear-bounded automatorn

For example, every regular language has a grammar that is LL(1), but not all
regular grammars are LL(1). Consider:

: PSPACE complete
type! 2: context! free

A->a

EarleyOs algorithm: O(%)
type! 3: regular
A->wX

DFA: O(n)

S % ab
S % ac
Without left-factoring, this grammar is not LL(1).

Note: this is a hierarchy of grammars not languages
CS502 Parsing
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