CS620T: Compilers - Principles

and Implementation
Autumn 2026

Week 3: Design and Implementation of
scanners and parsers contd..



Parsers — what do we need to know?

1. How do we define language constructs?

e Context-free grammars

2. How do we write Parsers?

 E.g.use a parser generator tool such as Bison

3. How do we determine: 1) valid strings in the
? ?
language? 2) structure of program- - Next

. LL Parsers, LR Parsers



Top-down Parsing

® |dea: we know sentence has to start with initial symbol

® Build up partial derivations by predicting what rules are used
to expand non-terminals

® Often called predictive parsers

® |f partial derivation has terminal characters, match them
from the input stream
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Top-down Parsing

 Also called recursive-descent parsing

 Equivalent to finding the left-derivation for an
input string
— Recall: expand the leftmost non-terminal in a parse
tree

— Expand the parse tree in pre-order i.e., identify
parent nodes before children



Top-down Parsing

t: next symbol to
be read

1: S -> cAd
2: A -> ab
3: | a

String: cad

Start with S

Step | Input string | Parse tree
1 cad S
t




Top-down Parsing

t: next symbol to
be read

1: S -> cAd
2: A -> ab
3: | a

String: cad

Predict rule 1

Step | Input string | Parse tree
1 ;:ad S
2 cad S
£ an
C A d




Top-down Parsing

t: next symbol to
be read

1: S -> cAd
2: A -> ab
3: | a

String: cad

Predict rule 2

Step | Input string | Parse tree
1 gad S
2 cad S
£ an
C A d
3 cad S
t T
C A d
N
a b




Top-down Parsing

t: next symbol to
be read

1: S -> cAd
2: A -> ab
3: | a

String: cad

Step | Input string | Parse tree
1 ;:ad S
2 cad S
£ an
C A d
3 cad S
t T
C A d
N
a b

No more non terminals!
String doesn’t match.

Backtrack.




Top-down Parsing

t: next symbol to
be read

1: S -> cAd
2: A -> ab
3: | a

String: cad

Step | Input string | Parse tree
1 gad S
2 cad S
£ an
C A d




Top-down Parsing

t: next symbol to
be read

1: S -> cAd
2: A -> ab
3: | a

String: cad

Predict rule 3

Step | Input string | Parse tree
1 ;:ad S
2 cad S
4 /]\
C A d
4 cad
4 S
RN
c A d

a |
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Top-down Parsing — Table-driven Approach

1: S -> F
2: S -> (S + F)
3: F -> a

string: (a+a)

string’: (a+a)$

(

$

2

Assume that the table is given.

11




Top-down Parsing — Table-driven Approach

1: S -> F ( ) |a |+ |$
2: S -> (S + F)

3: F -> a S |2 |- |1 |- |-
string: (a+a) F |- |- |3 |- |-
string’: (a+a)$ Assume that the table is given.

« Table-driven (Parse Table) approach doesn’t require
backtracking

But how do we construct such a table?
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Important Concepts: First Sets and
Follow Sets
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First and follow sets

® First(X): the set of terminals (and/or
A) that begin all strings that can be
derived from «

® First(A) = {x,y, A}
® First(xaA) = {x}
® First (AB) = {x,y,b}

® Follow(A): the set of terminals (and/

or $,but no As) that can appear
immediately after A in some partial
derivation

¢ Follow(A) = {b}

CS620,IIT Dharwad

S—-AB$
A — xaA
A—vyaA

B—b
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First and follow sets

o First()={aeVe|ax="af}u{A]|ifx="A}

QPR W

Follow(A) ={aeV:|S=".Aa.}u{$|ifS=".A%}

start symbol

a terminal symbol

a non-terminal symbol

a string composed of terminals and

non-terminals (typically,  is the

RHS of a production =:  derivedin | step

=" derived in 0 or more steps

=7 derived in | or more steps
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Computing first sets

® Terminal: First(a) = {a}
® Non-terminal: First(A)
® | ook at all productions for A
A — XiXz... Xk
® First(A) 2 (First(X)) - A)
e If A e First(X)), First(A) 2 (First(X3) - A)
e If N is in First(Xj) for all i, then A € First(A)

® Computing First(X): similar procedure to computing
First(A)

CS620,IIT Dharwad

16



Towards parser generators

e Key problem: as we read the source program, we need to
decide what productions to use

e Step |:find the tokens that can tell which production P (of
the form A = X, X3 ... Xn) applies

Predict(P) =
First(Xq...X,,) it A& First(Xq...X,,)
(First(X1...X,,) — A\) UFollow(A) otherwise

® |f next token is in Predict(P), then we should choose this
production

CS620,lIT Dharwad
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First Set - Example

1) S -> ABc$
2) A -> xaA
3) A -> yaA
4) A -> C
5) B ->b
6) B -> A

first (S) — { ? } Think of gll possi_ble strings d_erivable frqm S.
Get the first terminal symbol in those strings
or A if S derives A

CS620,lIT Dharwad 18



First Set - Example

1) S -> ABc$
2) A -> xaA
3) A -> yaA
4) A -> C
5) B ->b
6) B -> A

first (S) = { x, y, ¢ }

CS620,IIT Dharwad
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First Set - Example

-> ABc$
-> XaA
-> yaA
-> C
-> b
-> A

w
) g
0 W > > > W0n

first (S)
first (A)

{ x, y, c}
{ 2 }

CS620,IIT Dharwad
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First Set - Example

-> ABc$
-> XaA
-> yaA
-> C
-> b
-> A

w
) g
0 W > > > W0n

first (S)
first (A)

CS620,IIT Dharwad
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First Set - Example

-> ABc$
-> XaA
-> yaA
-> C
-> b
-> A

w
) g
0 W > > > W0n

first (S)
first (A)
first (B)

{ x, y, c}
{ x, y, c}
{ ? 1}

CS620,IIT Dharwad
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First Set - Example

-> ABc$
-> XaA
-> yaA
-> C
-> b
-> A

w
) g
0 W > > > W0n

first (S)
first (A)
first (B)

o

c X X
\o

> KK
v w
O N
- -

inn 1
N

o

CS620,IIT Dharwad
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Follow Set - Example

1) S -> ABc$
2) A -> xaA
3) A -> yaA
4) A -> C
5) B ->b
6) B -> A

follow (S) = { ? }  Thinkof all strings possible in the language
having the form ..Sa.. Get the following
terminal symbol a after S in those strings or $
if you get a string . .S$

CS620,IIT Dharwad 24



Follow Set - Example

1) S -> ABc$
2) A -> xaA
3) A -> yaA
4) A -> C
5) B ->b
6) B -> A

follow (S) = { }

CS620,IIT Dharwad
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Follow Set - Example

-> ABc$
-> XaA
-> yaA
-> C
-> b
-> A

w
) g
0 W > > > W0n

follow (S)
follow (A)

CS620,IIT Dharwad
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Follow Set - Example

-> ABc$
-> XaA
-> yaA
-> C
-> b
-> A

w
) g
0 W > > > W0n

follow (S)
follow (A)

{1 1
{ b, c } e.g. xaAbc$, xaAc$

CS620,IIT Dharwad 27



Follow Set - Example

1) S -> ABc$

2) A -> xaA

3) A -> yaA

4) A -> C

5) B ->b

6) B -> A

follow (S) = { }

follow (A) = { b, c } e.g. xaAbc$, xaAc$

What happens when you consider. A -> xaA or A -> yaA ?

CS620,lIT Dharwad 28



Follow Set - Example

1) S -> ABc$
2) A -> xaA
3) A -> yaA
4) A -> C
5) B ->b
6) B -> A

follow (S) = { }
follow (A) = { b, c } e.g. xaAbc$, xaAc$

What happens when you consider. A -> xaA or A -> yaA ?

* You will get string of the form A=>* (xa)+A

« But we need strings of the form: ..Aa.. or ..Ab. or ..Ac..
CS620,IIT Dharwad” 29



Follow Set - Example

-> ABc$
-> XaA
-> yaA
-> C
-> b
-> A

w
) g
0 W > > > W0n

follow (S)
follow (A)
follow (B)

-

| I I
e W e N st
v O

\o

(@)

—

CS620,IIT Dharwad
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Follow Set - Example

-> ABc$
-> XaA
-> yaA
-> C
-> b
-> A

w
) g
0 W > > > W0n

follow (S)
follow (A)
follow (B)

1}
1 b, c}
1 c}

CS620,IIT Dharwad
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Predict Set - Example

1) S -> ABc%

2) A -> xaA

3) A -> yaA

4) A -> C

5) B -> b Predict(P) =

6) B -> A { Fil.'.‘-if.{;\rl- - 'Xi” ) - ) if \ ¢ Fi].'HTLYl X,
(First(X1...X,,) — A) UFollow(A) otherwise

Predict (1) = { ? }

First(ABc$) if A € First(ABc$)

CS620,lIT Dharwad 32
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Predict Set - Example

1) S -> ABc% X |y |a
2) A -> xaA

3) A -> yaA S 1

4) A -> C A

5) B ->b

6) B -> A B

Predict (1) = { x, y, ¢ }

CS620,IIT Dharwad
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Predict Set - Example

1) S -> ABc$
2) A -> xaA
3) A -> yaA
4) A -> C
5) B ->b
6) B -> A

Predict (1)
Predict (2)

X |y |la |b |c |$
S |1 |1 1
A
B
{ X, ¥, ¢}
{ ?} - First(xaA) if A & First(xaA)

CS620,IIT Dharwad
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Predict Set - Example

1) S -> ABc% X |y |a
) A >y s 111
4) A -> ¢ A |2
SR 5
Predict (1) = { x, y, ¢ }

Predict (2) { x }

CS620,IIT Dharwad
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Predict Set - Example

1) S -> ABc%
2) A -> xaA
3) A -> yaA
4) A -> ¢
5) B ->b
6) B -> A

Predict (1)
Predict (2)
Predict (3)

CS620,lIT Dharwad

X |y |a |b|c |$
S |1 |1 1
A |2
B
{ X, ¥, ¢}
1 x }
{? } = First(yaA) if A € First(yaA)
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Predict Set - Example

-> ABc$ X |y |a

-> XaA

n

-> yaA
-> C

>
N [ —
W

-> b
-> A

w
Nor”

W W > > > Wwn

o

Predict (1)
Predict (2)
Predict (3)

(I | |
N

CS620,IIT Dharwad
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Predict Set - Example

-> ABc$%
-> XaA
-> yaA
-> C
-> b
-> A

w
) g
W w>>>Wn

Predict (1)
Predict (2)
Predict (3)
Predict (4)

e N e N e N

X |y [a |b |cC

S |1 |1 1
A |2 |3
B

X, ¥, C}

X }

y }

? } = First(c) if A ¢ First(c)

CS620,IIT Dharwad
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Predict Set - Example

-> ABc$ X |y |a

-> XaA

n

-> yaA
-> C

>
N [ —
w

-> b
-> A

w
) g

0 W > > > W0n

o

Predict (1)
Predict (2)
Predict (3)
Predict (4)

inmn n 1
e N e N e N

CS620,IIT Dharwad
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Predict Set - Example

w
) g

0 W > > > W0n
v

Predict
Predict
Predict
Predict
Predict

ABc$
XaA
yaA
C

b

A

(1)
(2)
(3)
(4)
(5)

X |y |a |b |c

S |1 |1 1
A |2 |3 4
B

X, ¥, €}

X }

y }

c }

? ) = First(b) if A € First(b)

CS620,IIT Dharwad
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Predict Set - Example

-> ABc$ X |y |a

-> XaA

n

yaA
-> C

>
N [ —
w

-> b
-> A

w
) g

0 W > > > W0n
|
\V4

o

Predict (1)
Predict (2)
Predict (3)
Predict (4)
Predict (5)

> Y, €}

e N s N e N e N e
N < X X
e

b}

CS620,IIT Dharwad



Predict Set - Example

-> ABc$ X |y |la |b |c |$
-> XaA
yaA
-> C
-> b
-> A

n

>
N
OV
IN

w
) g

o W > > > W0n
v

o
&)

Predict (1) =
Predict (2) =
Predict (3) =
Predict (4) =
Predict (5) =
Predict (6) =

> Y, €}

Predict(P) =

N < X X
S

First(X;...X,,) if A & First(X;...X,,)
(First(X1...X,,) — A\) UFollow(A) otherwise

b }
8s620,1T Bhafrides t(A) ? 42
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Predict Set - Example

-> ABc$ X |y |la |b |c |$
-> XaA
yaA
-> C
-> b
-> A

n

>
N
OV
IN

w
) g

o W > > > W0n
v

o
&)

Predict (1) =
Predict (2) =
Predict (3) =
Predict (4) =
Predict (5) =
Predict (6) =

> Y, €}

Predict(P) =

N < X X
S

f First(X;...X,,) if A & First(X;...X,,)
b } |L (First(X1...X,,) — A\) UFollow(A) otherwise |

&sedo,T ﬁhaﬁM) ? Follow(B) 43

e N e N e N e e N



Predict Set - Example

w
) g

o W > > > W0n
v

Predict
Predict
Predict
Predict
Predict
Predict

ABc$

XaA
yaA
C
b
A

(1)
(2)
(3)
(4)
(5)
(6)

e N e Nt N e N

686}0,||T Dharwad

X a C
S 1
A |2 4
B 6

X, ¥, €}

X }

y }

c }

b }
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Computing Parse-Table

1) S -> ABc$

2) A -> xaA

3) A -> yaA

4) A -> C

5) B ->b

6) B -> A
first (S) = {x, y, c}
first (A) = {x, y, c}

first(B) = {b, A}

X a b |c |9
S 1
A |2 4
B 5 |06
follow (S) = {} P(1) = {x,y,c}
follow (A) = {b, c} P(2) = {x}
follow(B) = {c} P(3) = {y}
P(4) = {c}
P(5) = {b}
P(6) = {c}

CS620,IIT Dharwad
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Top-Down Parsing - Example

string: xacc$

Stack Rem. Input

? xacc$

What do you put on the stack?

CS620,IIT Dharwad

Action

46



Top-Down Parsing - Example

string: xacc$

Stack Rem. Input Action

? xacc$ ?

What do you put on the stack? — strings that you derive

CS620,IIT Dharwad
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Top-Down Parsing - Example

string: xacc$

Stack* Rem. Input Action

S xacc$ ?

Top-down parsing. So, start with S.

CS620,lIT Dharwad
* Stack top is on the left-side (first symbol) of the column



Top-Down Parsing - Example

string: xacc$

Stack* Rem. Input Action

S xXacc$ ?

Top-down parsing. So, start with S.

What action do you take when stack-top has symbol S and the string to be
matched has terminal x in front?

CS620,lIT Dharwad 49
* Stack top is on the left-side (first symbol) of the column



Top-Down Parsing - Example

string: xacc$

Stack* Rem. Input Action
S xacc$ Predict(1) S->ABc$

Top-down parsing. So, start with S.

What action do you take when stack-top has symbol S and the string to be

matched has terminal x in front? - consult parse table x|ylalbl|c
S |1 1 1

Al23 4

B 5|6

CS620,1IT Dharwad 50

* Stack top is on the left-side (first symbol) of the column



Top-Down Parsing - Example

string: xacc$

Stack* Rem. Input Action

S xacc$ Predict(1) S->ABc$
ABc$

x{ylabl|c
S | 1] 1 1
Al23 4
B 56
CS620,lIT Dharwad 51

* Stack top is on the left-side (first symbol) of the column



Top-Down Parsing - Example

string: xacc$

Stack* Rem. Input Action
S xacc$ Predict(1) S->ABc$
ABc$ Xacc$

What action do you take when stack-top has symbol A and the string to be
matched has terminal x in front? - consult parse table

x{ylabl|c

S |11 1

Al23 4

B 5|6

CS620,IIT Dharwad 52

* Stack top is on the left-side (first symbol) of the column



Top-Down Parsing - Example

string: xacc$

Stack* Rem. Input Action
S xacc$ Predict(1) S->ABc$
ABc$ xacc$ Predict(2) A->xaA

What action do you take when stack-top has symbol A and the string to be
matched has terminal x in front? - consult parse table

x{ylabl|c

S |11 1

Al23 4

B 5|6

CS620,IIT Dharwad 53

* Stack top is on the left-side (first symbol) of the column



Top-Down Parsing - Example

string: xacc$

Stack* Rem. Input Action
S xacc$ Predict(1) S->ABc$
ABc$ xacc$ Predict(2) A->xaA
XaABc$
x{ylabl|c
S |11 1
Al23 4
B 5|6
CS620,lIT Dharwad 54

* Stack top is on the left-side (first symbol) of the column



Top-Down Parsing - Example

string: xacc$

Stack* Rem. Input Action
S xacc$ Predict(1) S->ABc$
ABc$ xacc$ Predict(2) A->xaA
XaABc$ Xacc$ ?
x{ylabl|c
S |11 1
Al23 4
B 56
CS620,1IT Dharwad 55

* Stack top is on the left-side (first symbol) of the column



Top-Down Parsing - Example

string: xacc$

Stack* Rem. Input Action
S xacc$ Predict(1) S->ABc$
ABc$ xacc$ Predict(2) A->xaA
XaABc$ Xacc$ match(x)
x{ylabl|c
S |11 1
Al23 4
B 5|6
CS620,lIT Dharwad 56

* Stack top is on the left-side (first symbol) of the column



Top-Down Parsing - Example

string: xacc$

Stack* Rem. Input Action
S xacc$ Predict(1) S->ABc$
ABc$ xacc$ Predict(2) A->xaA
XaABc$ xacc$ match(x)
aABc$ acct match(a)
x{ylabl|c
S |11 1
Al23 4
B 5|6
CS620,lIT Dharwad 57

* Stack top is on the left-side (first symbol) of the column



Top-Down Parsing - Example

string: xacc$

Stack* Rem. Input Action

S xacc$ Predict(1) S->ABc$

ABc$ xacc$ Predict(2) A->xaA

XaABc$ xacc$ match(x)

aABc$ acc$ match(a)

ABc$ cc$ ? x ylalbl|c
S |11 1
Al23 4
B 5|6

CS620,lIT Dharwad 58

* Stack top is on the left-side (first symbol) of the column



Top-Down Parsing - Example

string: xacc$

Stack* Rem. Input
S xacc$h
ABc$ xacc$h
XaABc$ xacc$h
aABc$ acc$
ABc$ ccs

CS620,lIT Dharwad
* Stack top is on the left-side (first symbol) of the column

X

y

1

1

S
A

2

3

Action |B

3}

Ol | =0

Predict(1) S->ABc$

Predict(2) A->xaA

match(x)
match(a)

Predict(4) A->c
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Top-Down Parsing - Example

x{ylalb|c

string: xacc$ S |11 1

Al23 4
Stack* Rem. Input Action |B 5(6
S xacc$ Predict(1) S->ABc$
ABc$ xacc$ Predict(2) A->xaA
XaABc$ xacc$ match(x)
aABc$ acc$ match(a)
ABc$ cch Predict(4) A->c
cBc$

CS620,lIT Dharwad
* Stack top is on the left-side (first symbol) of the column
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Top-Down Parsing - Example

x{ylalb|c

string: xacc$ S |11 1

Al23 4
Stack* Rem. Input Action |B 5(6
S xacc$ Predict(1) S->ABc$
ABc$ xacc$ Predict(2) A->xaA
XaABc$ xacc$ match(x)
aABc$ acc$ match(a)
ABc$ cch Predict(4) A->c
cBc$ cc$ ?

CS620,lIT Dharwad
* Stack top is on the left-side (first symbol) of the column
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Top-Down Parsing - Example
X|ylab|c

string: xacc$ S |11 1
Al23 4

Stack* Rem. Input Action |B 5(6

S xacc$ Predict(1) S->ABc$

ABc$ xacc$ Predict(2) A->xaA

XaABc$ xacc$ match(x)

aABc$ acc$ match(a)

ABc$ cch Predict(4) A->c

cBc$ ccd match(c)

CS620,lIT Dharwad
* Stack top is on the left-side (first symbol) of the column
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Top-Down Parsing - Example

x{ylalb|c

string: xacc$ S |11 1

Al23 4
Stack* Rem. Input Action |B 5(6
S xacc$ Predict(1) S->ABc$
ABc$ xacc$ Predict(2) A->xaA
XaABc$ xacc$ match(x)
aABc$ acc$ match(a)
ABc$ cch Predict(4) A->c
cBc$ cch match(c)
Bc$ c$ ?

CS620,lIT Dharwad
* Stack top is on the left-side (first symbol) of the column
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Top-Down Parsing - Example

x{ylalb|c

string: xacc$ S |11 1

Al23 4
Stack* Rem. Input Action |B 5(6
S xacc$ Predict(1) S->ABc$
ABc$ xacc$ Predict(2) A->xaA
XaABc$ xacc$ match(x)
aABc$ acc$ match(a)
ABc$ cch Predict(4) A->c
cBc$ cch match(c)
Bc$ c$ Predict(6) B->A

CS620,lIT Dharwad
* Stack top is on the left-side (first symbol) of the column
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Top-Down Parsing - Example

x{ylalb|c

string: xacc$ S |11 1

Al23 4
Stack* Rem. Input Action |B 5(6
S xacc$ Predict(1) S->ABc$
ABc$ xacc$ Predict(2) A->xaA
XaABc$ xacc$ match(x)
aABc$ acc$ match(a)
ABc$ cch Predict(4) A->c
cBc$ cch match(c)
Bc$ c$ Predict(6) B->A
c$

CS620,lIT Dharwad
* Stack top is on the left-side (first symbol) of the column
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Top-Down Parsing - Example

x{ylalb|c

string: xacc$ S |11 1

Al23 4
Stack* Rem. Input Action |B 5(6
S xacc$ Predict(1) S->ABc$
ABc$ xacc$ Predict(2) A->xaA
XaABc$ xacc$ match(x)
aABc$ acc$ match(a)
ABc$ cch Predict(4) A->c
cBc$ cch match(c)
Bc$ c$ Predict(6) B->A
c$ c$ ?

CS620,lIT Dharwad
* Stack top is on the left-side (first symbol) of the column
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Top-Down Parsing - Example

string: xacc$

Stack* Rem. Input Action

S xacc$

ABc$ xacc$ Predict(2) A->xaA
XaABc$ xacc$ match(x)

aABc$ acc$ match(a)

ABc$ cch Predict(4) A->c
cBc$ cch match(c)

Bc$ c$ Predict(6) B->A
c$ c$ match(c)

CS620,lIT Dharwad
* Stack top is on the left-side (first symbol) of the column

X

y

1

1

S
A

2

3

B

3}

O|h~h|=0

Predict(1) S->ABc$
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Top-Down Parsing - Example

string: xacc$

Stack* Rem. Input Action

S xacc$

ABc$ xacc$ Predict(2) A->xaA
XaABc$ xacc$ match(x)

aABc$ acc$ match(a)

ABc$ cch Predict(4) A->c
cBc$ cch match(c)

Bc$ c$ Predict(6) B->A
c$ c$ match(c)

$ $ Done!

CS620,lIT Dharwad
* Stack top is on the left-side (first symbol) of the column

X

y

1

1

S
A

2

3

B

3}

O|h~h|=0

Predict(1) S->ABc$
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ldentifying LL(1) Grammar

What we saw was an example of LL(1) Grammar

Scan input Left-to-right, produce Left-most derivation with 1
symbol look-ahead

CS620,IIT Dharwad
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ldentifying LL(1) Grammar

« What we saw was an example of LL(1) Grammar

« Scan input Left-to-right, produce Left-most derivation with 1
symbol look-ahead

 Not all Grammars are LL(1)
A Grammar is LL(1) iff for a production A-> a | 3, where
a and (B are distinct:

1. For no terminal a do both a and 3 derive strings beginning with
a (i.e. no common prefix)
2. At most one of a and 3 can derive an empty string

3. Ifg > ¢, then a does not derive any string beginning with a
terminal in Follow(A). If = ¢, then B does not derive any

string beginning with a terminal in Follow(A)
CS620,IIT Dharwad 70



Example (Left Factoring)

Consider

<stmt> — if <expr> then <stmt list> endif

<stmt> — if <expr> then <stmt list> else <stmt list> endif
This is not LL(1) (why?)

We can turn this in to

<stmt> — if <expr> then <stmt list> <if suffix>

<if suffix> — endif

<if suffix> — else <stmt list> endif

CS620,IIT Dharwad
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Example (Left Factoring)

Consider
<stmt> —

<stmt> —

if <expr> then <stmt list>

if <expr> then <stmt list>

This is not LL(1) (why?)

We can turn this in to

endif

else <stmt list> endif

<stmt> — if <expr> then <stmt list> <if suffix>

<if suffix> — endif

<if suffix> — else <stmt list> endif

CS620,IIT Dharwad



Left Factoring

A->af3|ap

U

A->aN

CS620,IIT Dharwad
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Left recursion

® |[eft recursion is a problem for LL(1) parsers
® [ HSisalso the first symbol of the RHS

e (Consider:
E—-E+T

® What would happen with the stack-based algorithm?

CS620,IIT Dharwad
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Left recursion

® |[eft recursion is a problem for LL(1) parsers
® [ HSisalso the first symbol of the RHS
e Consider:
E-E+T

® What would happen with the stack-based algorithm?

E

E+ T

E+ T+ T
E+ T+ T+ T

CS620,IIT Dharwad
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Eliminating Left Recursion

A->Aa|f

I

A->NT
N->f
T->aTl
T->A

CS620,IIT Dharwad
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Eliminating Left Recursion

E>E+T|T

I

E -> E1 Etall
E1->T

Etail -> + T Etail
Etail -> A

CS620,IIT Dharwad
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LL(K) parsers

® (Can look ahead more than one symbol at a time

® k-symbol lookahead requires extending first and follow
sets

® 2-symbol lookahead can distinguish between more rules:

A — ax | ay
® More lookahead leads to more powerful parsers

® What are the downsides!?

CS620,IIT Dharwad
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LL(k)? - Example

1) S - > E
, 2) E -> (E+E)
string: ((x+x))$ 3) E -> (E-E)
4) E -> X
Stack®* Rem. Input Action
S ((x+x))$ Predict(1l) S->E
E Predict(2) or Predict(3)?
( [4-]) |x
LL(1) |S |1 1
E |23 4
(( [+ [-C ])$|(x
LL(2) S |1 1
E |23 4

CS620,lIT Dharwad 79



Are all grammars LL(k)?

® No! Consider the following grammar:

S —E
E - (E+E)
E — (E-E)
E —x

® When parsing E, how do we know whether to use rule 2 or
3?

® Potentially unbounded number of characters before the
distinguishing ‘+’ or =" is found

® No amount of lookahead will help!

CS620,IIT Dharwad
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In real languages!’

Consider the if-then-else problem

1f X then y else z

Problem: else is optional

1f a then 1f b then c else d

® Which if does the else belong to!?

This is analogous to a “bracket language™: [' ]/ (i = j)

OO0 vw

L

> >

SC

[ [] can be parsed: SSAC or SSCA
(it's ambiguous!)

CS620,IIT Dharwad
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Solving the if-then-else problem

® The ambiguity exists at the language level. To fix, we need to
define the semantics properly

® ] matches nearest unmatched [”
® This is the rule C uses for if-then-else

® What if we try this?

S =[S

S — Sl This grammar is still not LL(I)
SI = [SI] (or LL(k) for any k!)

SI = A

CS620,IIT Dharwad
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Two possible fixes

e |[f there is an ambiguity, prioritize one production over

another

® c.g.,if Cis on the stack, always match “]” before matching

HAH

® Another option: change the language!

® e.g,all if-statements need to be closed with an endif

m ¢ W\

E

— ifSE
— other

— else S endif
— endif

CS620,IIT Dharwad
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Parsing if-then-else

® What if we don’t want to change the language?
® C does not require { } to delimit single-statement blocks

® TJo parse if-then-else, we need to be able to look ahead at the
entire rhs of a production before deciding which production
to use

® |n other words, we need to determine how many “]” to
match before we start matching “["’s

® [R parsers can do this!

CS620,IIT Dharwad
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Hand-Written Parser - FPE

* Fully parenthesized expression (FPE)

« Expressions (algebraic notation) are the normal way
we are used to seeing them. E.g. 2+ 3

* Fully-parenthesized expressions are simpler versions:
every binary operation is enclosed in parenthesis

E.g. 2 + 3 is written as (2+3)
« Eg.2+((3*7))
« We can ignore order-of-operations (PEMDAS rule) in FPEs.

CS620, IIT Dharwad 85



FPE — definition

» Either a:
1. A number (integer in our example) OR
2. Open parenthesis ‘(' followed by
FPE followed by
an operator (‘+', -, ™' °[')  followed by
FPE followed by

closed parenthesis ‘)

CS620, IIT Dharwad



FPE — Notation

1.E -> INTLITERAL
2.E -> (E op E)
3.0p -> ADD | SUB | MUL | DIV

CS620, IIT Dharwad



Implementing a parser for FPE

1. One function defined for 1.E -> INTLITERAL

every non-terminal 2.E -> (E op E)

 E, op 3.0p -> ADD | SUB | MUL | DIV
2. One function defined for

every production

e E1, E2
3. One function defined for all

terminals
e TIsTerm

CS620, IIT Dharwad



Implementing a parser for FPE

1. One function defined for 1.E -> INTLITERAL

every non-terminal 2.E -> (E op E)

 E, op 3.0p -> ADD | SUB | MUL | DIV
2. One function defined for

every production

e E1, E2
3. One function defined for all

terminals
e TIsTerm

CS620, IIT Dharwad



Implementing a parser for FPE

This function checks if the next token returned by the scanner matches the expected
token. Returns true if match. false if no match.

Assume that a scanner module has been provided.
The scanner has one function, GetNextToken, that

returns the next token in the sequence. Can be any one of: INTLITERAL, LPAREN,

\ RPAREN, ADD, SUB, MUL, DIV

bool IsTerm(Scanner* s, TOKEN tok) {

return s->GetNextToken() == tok;

CS620, IIT Dharwad 90



Implementing a parser for FPE

1. One function defined for 1.E -> INTLITERAL

every non-terminal 2.E -> (E op E)

 E, op 3.0p -> ADD | SUB | MUL | DIV
2. One function defined for

every production

e E1, E2
3. One function defined for all

terminals
e TIsTerm

CS620, IIT Dharwad



Implementing a parser for FPE

This function implements production #1: E->INTLITERAL
Returns true if the next token returned by the scanner is an INTLITERAL. false
otherwise.

bool E1(Scanner* s) {

return IsTerm(s, INTLITERAL);

CS620, IIT Dharwad



Implementing a parser for FPE

1. One function defined for 1.E -> INTLITERAL

every non-terminal 2.E -> (E op E)

 E, op 3.0p -> ADD | SUB | MUL | DIV
2. One function defined for

every production

e E1, E2
3. One function defined for all

terminals
e TIsTerm

CS620, IIT Dharwad



Implementing a parser for FPE

This function implements production #2: E->(E op E)
Returns true if the Boolean expression on line 2 returns true. false otherwise.

bool E2(Scanner* s) {

return IsTerm(s, LPAREN) &&

E(s) &&
OP(s) &&
E(s) &&

IsTerm(s, RPAREN);

CS620, IIT Dharwad



Implementing a parser for FPE

1. One function defined for 1.E -> INTLITERAL

every non-terminal 2.E -> (E op E)

 E, op 3.0p -> ADD | SUB | MUL | DIV
2. One function defined for

every production

e E1, E2
3. One function defined for all

terminals
e TIsTerm

CS620, IIT Dharwad



Implementing a parser for FPE

This function implements production #3: op->ADD | SUB |[MUL | DIV

Returns true if the next token returned by the scanner is any one from ADD, SUB,
MUL, DIV. false otherwise.

bool OP(Scanner* s) {
TOKEN tok = s->GetNextToken();
if((tok == ADD) || (tok == SUB) || (tok ==
MUL) || (tok == DIV))

return true;

return false;

} CS620, IIT Dharwad



Implementing a parser for FPE

1. One function defined for 1.E -> INTLITERAL

every non-terminal 2.E -> (E op E)

e E, op 3.0p -> ADD | SUB | MUL | DIV
2. One function defined for

every production

e E1, E2
3. One function defined for all

terminals
e TIsTerm

CS620, IIT Dharwad



Implementing a parser for FPE

This function implements the routine for matching non-terminal E

Assume that GetCurTokenSequence
returns a reference to the first token in

bool E(Scanner* s) { a sequence of tokens maintained by
the scanner

TOKEN* prevToken = s->GetCurTokenSequence();
if(1E1(s)) {

s->SetCurTokenSequence(prevToken);
return E2(s);

¥

return true;
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Implementing a parser for FPE

This function implements the routine for matching non-terminal E

bool E(Scanner* s) {

TOKEN* prevToken = s->GetCurTokenSequence();
if(!E1(s)) {

s->SetCurTokenSequence(prevToken);
return E2(s);

¥

return true;

//This line implements the check to see if the sequence of tokens match production #1:
E->INTLITERAL. CS620, IIT Dharwad



Implementing a parser for FPE

This function implements the routine for matching non-terminal E

bool E(Scanner* s) {

TOKEN* prevToken = s->GetCurTokenSequence();

if(!'E1(s)) {
s->SetCurTokenSequence(prevToken);
return E2(s);

¥

return true;

//because E1(s) calls s->GetNextToken() internally, the reference to the sequence of tokens
would have moved forward. This line restores the reference back to the first node in the
sequence so that the scanner provideé#Ad!ddrheeradquence to the call E2 in next liné



Implementing a parser for FPE

This function implements the routine for matching non-terminal E

bool E(Scanner* s) {

TOKEN* prevToken = s->GetCurTokenSequence();

if(!'E1(s)) {
s->SetCurTokenSequence(prevToken);
return E2(s);

¥

return true;

//This line implements the check to see if the sequence of tokens match production #2:

E->(E op E)
CS620, IIT Dharwad



Implementing a parser for FPE

IsTerm(Scanner* s, TOKEN tok) { return s->GetNextToken() == tok;}

bool E1(Scanner* s) {
return IsTerm(s, INTLITERAL);

}

bool E2(Scanner* s) { return IsTerm(s, LPAREN) && E(s) && OP(s) && E(s) && IsTerm(s, RPAREN); }

bool OP(Scanner* s) {
TOKEN tok = s->GetNextToken();
if((tok == ADD) || (tok == SUB) || (tok == MUL) || (tok == DIV))
return true;
return false;

}

bool E(Scanner* s) {
TOKEN* prevToken = s->GetCurTokenSequence();

if('E1(s)) {
s->SetCurTokenSequence(prevToken);
return E2(s);

}

return true;

}

Start the parser by invoking ’E-;Qszo UT Obacad
Value returned tells if the expression is FPE or not.



Exercise

* What parsing technique does this parser
use?

CS620, IIT Dharwad



Bottom-up Parsing

More general than top-down parsing
Used in most parser-generator tools

Need not have left-factored grammars (i.e. can
have left recursion)

E.g. can work with the bracket language

CS620, IIT Dharwad
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Bottom-up Parsing

* Reduce a string to start symbol by reverse
‘inverting’ productions

CS620, IIT Dharwad 105



Bottom-up Parsing

* Reduce a string to start symbol by reverse
‘inverting’ productions

E -> T+ E
E -> T

T ->1id * T
T -> id

id * id + 1id

CS620, IIT Dharwad 106



Bottom-up Parsing

* Reduce a string to start symbol by reverse
‘inverting’ productions

E ->T+ E
. ) . E -> T
id * T + id T -s id

CS620, IIT Dharwad 107



Bottom-up Parsing

* Reduce a string to start symbol by reverse
‘inverting’ productions

E ->T+ E
. . . E ->T
%d * id +.1d T -> id * T
id * T + id T -> id
T + id

CS620, IIT Dharwad 108



Bottom-up Parsing

* Reduce a string to start symbol by reverse
‘inverting’ productions

id * id + 1id
id * T + 1id
T + id
T+ T

CS620, IIT Dharwad

E ->T + E
E -> T

T ->1d * T
T -> id
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Bottom-up Parsing

* Reduce a string to start symbol by reverse
‘inverting’ productions

E ->T + E
. . . E -> T
%d * id +.1d T -> id * T
id * T + id T -> id
T + id
T+ T
T+ E

CS620, IIT Dharwad 110



Bottom-up Parsing

* Reduce a string to start symbol by reverse
‘inverting’ productions

id * id + 1id
id * T + id
T + id
T+ T
T + E

E

CS620, IIT Dharwad

E ->T + E
E -> T

T ->1d * T
T -> id
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Bottom-up Parsing

* Reduce a string to start symbol by reverse

‘inverting’ productions

id * id + id
id * T + id
T + id
T+ T
T + E

E

CS620, IIT Dharwad

E -> T+ E
E -> T

T ->1id * T
T -> id
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Bottom-up Parsing

* Reduce a string to start symbol by reverse
‘inverting’ productions

id * ;d + id
icQ,T+id
T+}d
T+ T
T+l§
£

Right-most derivation

CS620, IIT Dharwad

E -> T+ E
E -> T

T ->1id * T
T -> id
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Bottom-up Parsing

« Scan the input left-to-right and shift tokens — put
them on the stack.

| id * id + id E -> T + E
id | * id + id E ->T

T ->1id * T
id * | id + id T -> id

id * id | + id

CS620, IIT Dharwad 114



Bottom-up Parsing

* Replace a set of symbols at the top of the stack
that are RHS of a production. Put the LHS of the
production on stack — Reduce

| id * id + id E ->T + E
id | * id + id E->T

T ->id * T
id * | id + id T -> id

id * id | + id

CS620, IIT Dharwad 115



Bottom-up Parsing

* Did not discuss when and why a particular
production was chosen

E ->T+ E
. ) . E -> T
id * T + id T -s id

« j.e. why replace the id highlighted in input string?
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LR Parsers

® Parser which does a Left-to-right, Right-most derivation

Rather than parse top-down, like LL parsers do, parse
bottom-up, starting from leaves

® Basic idea: put tokens on a stack until an entire production
is found

® |ssues:

Recognizing the endpoint of a production
Finding the length of a production (RHS)

Finding the corresponding nonterminal (the LHS of the
production)

CS620, IIT Dharwad
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Data structures

® At each state, given the next token,
® A goto table defines the successor state
® An action table defines whether to
® shift — put the next state and token on the stack
® reduce —an RHS is found; process the production

® ierminate — parsing is complete

CS620, IIT Dharwad 118



Simple example

|. P—S
2. S—x:S
3. S—e
Symbol
X : e P S Action
0 I 3 5 Shift
I 2 Shift
2 I 3 4 Shift
State
3 Reduce 3
4 Reduce 2
5 Accept

CS620, IIT Dharwad
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Example

Symbol

I) P->S Input string ? i : T Az::

II) S->x;S X;X;e Sae| 3 I

III) S->e 4 Reduce 2
5 Accept

Step Parse Stack Rem. Input Parser Action

1 0 X;X;e ?

Start with state O

CS620, IIT Dharwad
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Example

. \‘ X ; S)’”;bo' P | S N, Action
I) P->S Input string oFil 15 | N "W
II) S->x;S X;X;e Sae| 3 4 L
III) S'>e 4 Reduce 2
5 Accept
Step Parse Stack Rem. Input Parser Action
1 0 X;X;e Shift(1)

CS620, IIT Dharwad
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Example

Symbol

I) P->S Input string ? i : T Az::
II) S->x;S X;X;e Sae| 3 L
IIT) S->e 4 Reduce 2

5 Accept
Step Parse Stack Rem. Input Parser Action
1 0 X;X;e Shift(1)
2 01 ;X e ?

CS620, IIT Dharwad
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Example

Symbol

I) P->S Input string ?‘ 2 T Aﬁ::

II) S->x;S X;X;e e[ L1 s

III) S->e : =
5 Accept

Step Parse Stack Rem. Input Parser Action

1 0 X;X;e Shift(1)

2 01 ;X;e Shift(2)

CS620, IIT Dharwad
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Example

I) P->S Input string ? i : T Az::

II) S->x;S X;X;e Sae| 3 L

IIT) S->e 4 Reduce 2
5 Accept

Step Parse Stack Rem. Input Parser Action

1 0 X;X;e Shift(1)

2 01 3X;e Shift(2)

3 012 X;e ?

CS620, IIT Dharwad
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Example

Symbol
X e P Action
- 1 | 3 Shift
I) P->S Input string \i‘ : —
II) S->x;S X;X;e Sae| 1 3 L
III) S->e i Reduce 2
5 Accept
Step Parse Stack Rem. Input Parser Action
1 0 X;X;e Shift(1)
2 01 3X;e Shift(2)
3 012 X;e Shift(1)

CS620, IIT Dharwad

125



Example

Symbol
I) P->S Input string ? i : T Az::
II) S->x;S X;X;e Sae| 3 L
IIT) S->e 4 Reduce 2

5 Accept

Step Parse Stack Rem. Input Parser Action
1 0 X;X;e Shift(1)
2 01 3X;e Shift(2)
3 012 X;e Shift(1)
4 0121 ;e ?

CS620, IIT Dharwad
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Example

Symbol

I) P->S Input string ?\ 2 T A:CE:EH

II) S->x;S X;X;e e[

III) S->e : =
5 Accept

Step Parse Stack Rem. Input Parser Action

1 0 X;X;e Shift(1)

2 01 ;X;e Shift(2)

3 012 X;e Shift(1)

4 0121 ;e Shift(2)

CS620, IIT Dharwad
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Example

Symbol

I) P->S Input string ? i : T Az::
II) S->x;S X;X;e Sae| 3 L
III) S->e 4 Reduce 2

5 Accept
Step Parse Stack Rem. Input Parser Action
1 0 X;X;e Shift(1)
2 01 3X;e Shift(2)
3 012 X;e Shift(1)
4 0121 ;e Shift(2)
5 01212 e ?

CS620, IIT Dharwad
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Example

Symbol
I) P->S Input string ? '\%3 T ~ Az::
II) S->x;S X;X;e Sae| 3 4 L
III) S->e 4 Reduce 2
5 Accept
Step Parse Stack Rem. Input Parser Action
1 0 X;X;e Shift(1)
2 01 3X;e Shift(2)
3 012 X;e Shift(1)
4 0121 ;e Shift(2)
5 01212 e Shift(3)

CS620, IIT Dharwad
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Example

Symbol

I) P->S Input string ? i : T Az::
II) S->x;S X;X;e Sae| 3 L
III) S->e 4 Reduce 2

5 Accept
Step Parse Stack Rem. Input Parser Action
1 0 X;X;e Shift(1)
2 01 3X;e Shift(2)
3 012 X;e Shift(1)
4 0121 ;e Shift(2)
5 01212 e Shift(3)
6 012123 ?

CS620, IIT Dharwad
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Example

Symbol

I) P->S Input string ? i : T Az::
II) S->x;S X;X;e saNe - 3 L
III) S->e 4 Reduce 2

5 Accept
Step Parse Stack Rem. Input Parser Action
1 0 X;X;e Shift(1)
2 01 3X;e Shift(2)
3 012 X;e Shift(1)
4 0121 ;e Shift(2)
5 01212 e Shift(3)
6 012123 Reduce 3

CS620, IIT Dharwad
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Example

Symbol
I) P->S Input string ? [ : ST T Az::
II) S->x;S X;X;e saNe - 3 4 I
III) S->e « ; Reduce 1
5 Accept
Step Parse Stack Rem. Input Parser Action
1 0 X;X;e Shift(1)
2 01 ;X;e Shift(2)
3 012 X;e Shift(1)
4 0121 ;e Shift(2)
5 01212 e Shift(3)
6 012123 Reduce 3
7 01212
» Look at rule Ill and pop 1 symbol o&@;&ﬁ% é)n(/\elgguse RHS of rule Il has just 1 symbol
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Example

Symbol
I) P->S Input string T T Asc;zn
II) S->X;S X:X:e oY e
) ) ) 3 Reduce 3
III) S->e « 4 Reduce 2
5 Accept
Step Parse Stack Rem. Input Parser Action
1 0 X;X;e Shift(1)
2 01 ;Xse Shift(2)
3 012 X;e Shift(1)
4 0121 ;e Shift(2)
5 01212 e Shift(3)
6 012123 Reduce 3
7 01212

Now stack top has symbol 2 and Ild@fitsdidas S (imagine you saw S at input).

Consult goto and action table. 133



Example

Symbol
I) P->S Input string T T Asc;zn
II) S->X;S X:X:e oY e
) ) ) 3 Reduce 3
III) S->e « 4 Reduce 2
5 Accept
Step Parse Stack Rem. Input Parser Action
1 0 X;X;e Shift(1)
2 01 ;Xse Shift(2)
3 012 X;e Shift(1)
4 0121 ;e Shift(2)
5 01212 e Shift(3)
6 012123 Reduce 3 (shift(4))
7 012124

Now stack top has symbol 2 and Ild@fitsdidas S (imagine you saw S at input).

Consult goto and action table. Shift(4) 134



Example

Symbol
I) P->S Input string > )'( 2 T AECE:EH
II) S->x;S X;X;e e[
III) S->e : =
5 Accept
Step Parse Stack Rem. Input Parser Action
1 0 X;X;e Shift(1)
2 01 ;X;e Shift(2)
3 012 X;e Shift(1)
4 0121 ;e Shift(2)
5 01212 e Shift(3)
6 012123 Reduce 3 (shift(4))
7 012124 ?

Now stack top has symbol 2 and Ild@fitsdidas S (imagine you saw S at input).

Consult goto and action table. Shift(4) 135



Example

Symbol

I) P->S Input string ; )'( 2 T AZEE

II) S->x;S X;X;e Sm\ni - s

III) S->e : =
5 Accept

Step Parse Stack Rem. Input Parser Action

1 0 X;X;e Shift(1)

2 01 ;X;e Shift(2)

3 012 X;e Shift(1)

4 0121 ;e Shift(2)

5 01212 e Shift(3)

6 012123 Reduce 3 (shift(4))

7 012124 Reduce 2

CS620, IIT Dharwad
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Example

Symbol

I) P->S / Input string ? i : ST T Az::

II) S->X3;S X;X;e cerce |21 3 4 Shift

III) S->e > s
5 Accept

Step Parse Stack Rem. Input Parser Action

1 0 X;X;e Shift(1)

2 01 3X;e Shift(2)

3 012 X;e Shift(1)

4 0121 ;e Shift(2)

5 01212 e Shift(3)

6 012123 Reduce 3 (shift(4))

14 012124 Reduce 2

8 O 1 2 CS620-HFBharwa

IOV

* Look at rule Il and pop 3 symbols of the stack because RHS of rule Il has 3 symbols 137



Example

I) P->S Input string N A;*:;n
| 3 Ny Shift

IT) S->X;S X;X;e e e s

III) S->e : =
5 Accept

Step Parse Stack Rem. Input Parser Action

1 0 X;X;e Shift(1)

2 01 ;X;e Shift(2)

3 012 X;e Shift(1)

4 0121 ;e Shift(2)

5 01212 e Shift(3)

6 012123 Reduce 3 (shift(4))

7 012124 Reduce 2

8 012 CSE20 T Dhanva

Now stack top has symbol 2 and LHS of rule’Il has S (imagine you saw S at input). Consult

qoto and action table.
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Example

I) P->S Input string N A;*:;n
| 3 N Shift

IT) S->X;S X;X;e e e s

III) S->e : =
5 Accept

Step Parse Stack Rem. Input Parser Action

1 0 X;X;e Shift(1)

2 01 ;X;e Shift(2)

3 012 X;e Shift(1)

4 0121 ;e Shift(2)

5 01212 e Shift(3)

6 012123 Reduce 3 (shift(4))

7 012124 Reduce 2 (shift(4))

8 0124 CSE20 U Dhansa

Now stack top has symbol 2 and LHS of rule’Il has S (imagine you saw S at input). Consult

qgoto and action table. Shift(4)
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Example

I) P->S Input string ; )'( ; T Ai:i"

II) S->x;S X;X;e e[

III) S->e : =
5 Accept

Step Parse Stack Rem. Input Parser Action

1 0 X;X;e Shift(1)

2 01 ;X e Shift(2)

3 012 X;e Shift(1)

4 0121 ;e Shift(2)

5 01212 e Shift(3)

6 012123 Reduce 3 (shift(4))

7 012124 Reduce 2 (shift(4))

8 0124 o0 T P
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Example

Symbol

I) P->S Input string ; )'( 2 NN A:EE"

II) S->x;S X;X;e Sm‘ni D | NS

III) S->e : =
5 Accept

Step Parse Stack Rem. Input Parser Action

1 0 X;X;e Shift(1)

2 01 ;X;e Shift(2)

3 012 X;e Shift(1)

4 0121 ;e Shift(2)

5 01212 e Shift(3)

6 012123 Reduce 3 (shift(4))

7 012124 Reduce 2 (shift(4))

8 0124 e 1 Reduce 2

141



Example

Symbol
I) P->S Input string ? i : T Az::
II) S->x;S X;X;e Smini i 3 %ijfl;
III) S->e 4 Reduce 2

5 Accept

Step Parse Stack Rem. Input Parser Action
1 0 X;X;e Shift(1)
2 01 3X;e Shift(2)
3 012 X;e Shift(1)
4 0121 ;e Shift(2)
5 01212 e Shift(3)
6 012123 Reduce 3 (shift(4))
7 012124 Reduce 2 (shift(4))
8 0124 e 1o, | Reduce 2
] = £S620, HT Dharwa
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Example

Symbol

I) P->S Input string \‘? [ : TN Az::

II) S->x;S X;X;e Sae| 3 4 I

IIT) S->e 4 Reduce 2
5 Accept

Step Parse Stack Rem. Input Parser Action

1 0 X;X;e Shift(1)

2 01 ;X;e Shift(2)

3 012 X;e Shift(1)

4 0121 ;e Shift(2)

5 01212 e Shift(3)

6 012123 Reduce 3 (shift(4))

7 012124 Reduce 2 (shift(4))

8 0124 cron e | Reduce 2 (shift(3))

5 B £S620, HT Dharwa
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Example

Symbol

I) P->S Input string ? i : T T Az::

II) S->x;S X;X;e Sae| 3 4 I

IIT) S->e 4 Reduce 2
5 Accept

Step Parse Stack Rem. Input Parser Action

1 0 X;X;e Shift(1)

2 01 ;X;e Shift(2)

3 012 X;e Shift(1)

4 0121 ;e Shift(2)

5 01212 e Shift(3)

6 012123 Reduce 3 (shift(4))

7 012124 Reduce 2 (shift(4))

8 0124 cmon e | Reduce 2 (shift(3))

9 05 T T 2
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Example

X e P S Action
I) P->S Input string o[ ] 15 5 i
II) S->x;S X;X;e Sae| 3 4 L
— 4 Reduce 2
IIT) S->e \r‘5 N —
Step Parse Stack Rem. Input Parser Action
1 0 X;X;e Shift(1)
2 01 3X;e Shift(2)
3 012 X;e Shift(1)
4 0121 ;e Shift(2)
5 01212 e Shift(3) means replace
6 012123 Reduce 3 (shift(4)) whatever|is
: there In the
14 012124 Reduce 2 (shift(4)) stockowith the
8 O 1 2 4 ACLAA 1T N ses RedUCe 2 (Shlft(5)) Start Svm bol
9 05 Accept+~—— 145




Example

I) P->S Input string
II) S->x;S  |x;x;e
IIT) S-»e T Initial scan pointer
Step Parser Action
Shift(1)
Shift(2)
Shift(1)
Shift(2)
Shift(3)

Reduce 3 (shift(4))

Reduce 2 (shift(4))

Reduce 2 (shift(5))

CS620, IIT Dharwad

Ol |IN[oO|lO|[~h|W[IN|~-

Accept a6




Example

T Initial scan pointer

I) P->S Input string
II) S->x;S |x;x;e
III) S->e
Step Parser Action

Shift(1)

Shift(2)

Shift(1)

Shift(2)

Shift(3)

Reduce 3 (shift(4))

Reduce 2 (shift(4))

Reduce 2 (shift(5))

Ol |IN[oO|lO|[~h|W[IN|~-

Accept

CS620, IIT Dharwad
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Example

T Initial scan pointer

X ;Ix ; e

I) P->S Input string
II) S->x;S |x;x;e
III) S->e
Step Parser Action

Shift(1)

Shift(2)

Shift(1)

Shift(2)

Shift(3)

Reduce 3 (shift(4))

Reduce 2 (shift(4))

Reduce 2 (shift(5))

Ol |IN[oO|lO|[~h|W[IN|~-

Accept

CS620, IIT Dharwad
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Example

T Initial scan pointer

X ; X|; e

I) P->S Input string
II) S->x;S |x;x;e
III) S->e
Step Parser Action

Shift(1)

Shift(2)

Shift(1)

Shift(2)

Shift(3)

Reduce 3 (shift(4))

Reduce 2 (shift(4))

Reduce 2 (shift(5))

Ol |IN[oO|lO|[~h|W[IN|~-

Accept

CS620, IIT Dharwad
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Example

T Initial scan pointer

X ; X 3le

I) P->S Input string
II) S->x;S |x;x;e
III) S->e
Step Parser Action

Shift(1)

Shift(2)

Shift(1)

Shift(2)

Shift(3)

Reduce 3 (shift(4))

Reduce 2 (shift(4))

Reduce 2 (shift(5))

Ol |IN[oO|lO|[~h|W[IN|~-

Accept

CS620, IIT Dharwad
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Example

T Initial scan pointer

I) P->S Input string
II) S->x;S |x;x;e
III) S->e
Step Parser Action

Shift(1)

Shift(2)

Shift(1)

Shift(2)

Shift(3)

Reduce 3 (shift(4))

Reduce 2 (shift(4))

Reduce 2 (shift(5))

Ol |IN[oO|lO|[~h|W[IN|~-

Accept

X ; X ; e

CS620, IIT Dharwad
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Example

T Initial scan pointer

I) P->S Input string
II) S->x;S |x;x;e
IIT) S-»e
Step Parser Action

Shift(1)

Shift(2)

Shift(1)

Shift(2)

Shift(3)

Reduce 3 (shift(4))

Reduce 2 (shift(4))

Reduce 2 (shift(5))

Ol |IN[oO|lO|[~h|W[IN|~-

Accept

X ; X ; e

CS620, IIT Dharwad

X 5 X

n
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Example

T Initial scan pointer

I) P->S Input string
II) S->x;S |x;x;e
IIT) S-»e
Step Parser Action

Shift(1)

Shift(2)

Shift(1)

Shift(2)

Shift(3)

Reduce 3 (shift(4))

Reduce 2 (shift(4))

Reduce 2 (shift(5))

Ol |IN[oO|lO|[~h|W[IN|~-

Accept

X 3 X 3 S

CS620, IIT Dharwad

N

X ; X ; e

153



Example

I) P->S Input string
IT) S->x;S  [x5x5e
IIT) S-»e T Initial scan pointer

»
—
(1]
o

Parser Action

Shift(1) S

Shift(2) AN

Shift(1)

Shift(2)
Shift(3)

Reduce 3 (shift(4)) X ; X ; €

Reduce 2 (shift(4))

Reduce 2 (shift(5)) | X ; sjr
CS620, IIT Dharwad

Ol |IN[oO|lO|[~h|W[IN|~-

Accept 54




Example

I) P->S Input string

IT) S->x;S  [x5x5e
IIT) S-»e T Initial scan pointer

Parser Action

»
—
(1]
o

Shift(1) S

Shift(2) AN

Shift(1)

Shift(2)
Shift(3)

Reduce 3 (shift(4)) X ; X ; €

Reduce 2 (shift(4))

Ol |IN[oO|lO|[~h|W[IN|~-

Reduce 2 (shift(5)) CTGZO IIT Dharwad

Accept S 55




Parsing using an LR(0) parser

e Basic idea: parser keeps track, simultaneously, of all possible
productions that could be matched given what it’s seen so far.
When it sees a full production, match it.

e Maintain a parse stack that tells you what state you're in
e Startin state 0
® |n each state, look up in action table whether to:

® shift: consume a token off the input;look for next state in goto
table; push next state onto stack

® reduce: match a production; pop off as many symbols from state
stack as seen in production; look up where to go according to
non-terminal we just matched; push next state onto stack

® gccept: terminate parse

CS620, IIT Dharwad 156



Shift-Reduce Parsing

The LR parsing seen previously is an example of
shift-reduce parsing

 When do we shift and when do we reduce?
— How do we construct goto and action tables?

CS620, IIT Dharwad 157



Concept: configuration / item

» Configuration or item has a form:
A -> X;ooo X X;

i @ i+l e j
> Dot ecan appear anywhere

» Represents a production part of which has been matched
(what is to the left of Dot)

» LR parsers keep track of multiple (all) productions that can
be potentially matched

» We need a configuration set
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Concept: configuration / item

Corresponding to productions:

»E.g. configuration set stmt -> ID := expr
stmt -> ID°® := expr stmt -> ID : stmt
stmt -> ID
stmt -> IDe : stmt
stmt -> IDe

» Dot at the extreme left of RHS of a production denotes that
production is predicted

» Dot at the extreme right of RHS of a production denotes
that production is recognized

»if Dot precedes a Non-Terminal in a configuration set, more
configurations need to be added to the set
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Concept: closure

» For each configuration in the configuration set,

A -> aeBy, where B is a non-terminal,

1 add configurations of the form:
B ->¢ 6
2 if the addition introduces a configuration with Dot

behind a new non-Terminal N, add all configurations having
the form N ->e ¢

Repeat 2 when another new non-terminal is
introduced and so on..
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Concept: closure

Grammar
S -> E$
>E.g. closure {S ->°E$} E-> E+T | T
{} , — Non-terminal T ->ID | (E)

S ->eE$
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Concept: closure

Grammar
S -> E$
>E.g. closure {S ->°E$} E -> E+T | T
{1, — Non-terminal T ->ID | (E)

S ->eE$
E ->eE+T
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Concept: closure

Grammar
S -> E$
»E.g.closure {S ->°E$} E -> E+T | T
@/Non—terminal T ->1ID | (E)
S ->eE$
E ->eE+T
E ->eT

163



Concept: closure

Grammar
S -> E$
>E.g. closure {S ->E$} E -> E+T | T
iyl T -> ID | (E)
S ->eE$
E ->eE+T New Non-terminal
E ->eT*
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Concept: closure

Grammar
S -> E$
»>E.g. closure {S ->°E$} E -> E+T | T
a T -> ID | (E)

S ->eE$

E ->eE+T New Non-terminal

E ->eT*

T ->eID
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Concept: closure

Grammar
S -> E$
>E.g. closure {S -><E$} E-> E+T | T
0 T -> ID | (E)

S ->eE$

E ->eE+T New Non-terminal

E ->eT*

T ->eID

T ->(E)
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Concept: closure

Grammar
S -> E$
»E.g.closure {S ->eE$} E -> E+T | T

) Iy ] T -> ID | (E)

S ->eE$

E ->eE+T
4 E ->eT -

T ->eID

T ->(E) _
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Concept: SUCCeSsSSOor

Grammar
S -> E$
»E.g. successor ({S ->eE$}, E) E -> E+T | T
% T -> ID | (E)
S ->eE$ |
E ->eE+T e S ~> Ee$
_ E ->eT - —> |E -> Ee+T
T ->eID
T ->o(E) ]

—

» Consider all symbols that are to the immediate right of Dot
and compute respective successors

» You must compute closure of successor before finalizing items in
successor
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Concept: CFSM

»Each configuration set becomes a state

»The symbol used as input for computing the
successor becomes the transition

» Configuration-set finite state machine (CFSM)

» The state diagram obtained after computing the chain of
all successors (for all symbols) starting from the
configuration involving the first production
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Example: CFSM

Start with a configuration for the first production

P->eS

Grammar

P->S
S->X3;S
S->e
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Example: CFSM

Compute closure

P_Se S Non-terminal

Grammar

P->S
S->X3;S
S->e

171



Add item

P->¢S
S->x;S

Example: CFSM

Grammar

P->S
S->X3;S
S->e
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Example: CFSM

Grammar
Add item P->S
P->eS S->X;5
S->0X;S S->e

S->e e
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Example: CFSM

Grammar
No new non-terminal before Dot. This becomes a state in CFSM p->9S
P->eS S=>X;5
S->x;S S->e
S->ee
state 0
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Example: CFSM

Grammar
Compute successor (of state 0) under symbol x P->S
P->eS S=>X;5
S->0X;S X, S->e
S->ee
state 0

Consider items (in state 0), where x is to the immediate right of Dot.
Advance Dot by one symbol.
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Example: CFSM

Grammar
Compute successor (of state 0) under symbol x P->S
P->eS S=>X;5
S->e X;S X ,|S->Xe;S S->e
S->ee
state 0

Consider items (in state 0), where x is to the immediate right of Dot.
Advance Dot by one symbol.
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Example: CFSM

Grammar
Compute successor (of state 0) under symbol x P->S
P->eS S=>X;5
S->e X;S X ,|S->Xe;S S->e
S->ee state 1
state 0

Consider items (in state 0), where x is to the immediate right of Dot.
Advance Dot by one symbol.

No non-terminals immediately after Dot in the successor. So, no

configurations get added. Successor becomes another state in
CFSM.
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Example: CFSM

Grammar
Compute successor (of state 1) under symbol ; P->S
P->eS _ S=>X;5
S->e X;S X ,|S->Xe;S BN S->e
S->ee state 1
state 0

Consider items (in state 1), where ; is to the immediate right of Dot.
Advance Dot by one symbol.
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Example: CFSM

Compute successor (of state 1) under symbol ;

Grammar

P->eS

S->ex;S X, |S->xe;S

S->ee state 1
state 0

Consider items (in state 1), where ; is to the immediate right of Dot.

Advance Dot by one symbol.

\4

S->X;eS

P->S
S->X3;S
S->e
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Example: CFSM

Grammar
Compute successor (of state 1) under symbol ; P->S
P->eS _ S=>X;5
S->ex;S X, |S->xe;S [ S->X;eS S->e
S->ee state 1
state 0

Consider items (in state 1), where ; is to the immediate right of Dot.
Advance Dot by one symbol.

There is a non-terminal immediately after Dot in the successor of
state 1. So, add configurations.
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Example: CFSM

Grammar
Compute successor (of state 1) under symbol ; P->S
P->eS _ S=>X;5
S->e X;S X ,|S->Xe;S 1 S->x;eS S->e
S->e e state 1 S->ex;S
state 0

Consider items (in state 1), where ; is to the immediate right of Dot.
Advance Dot by one symbol.

There is a non-terminal immediately after Dot in the successor of
state 1. So, add configurations.
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Example: CFSM

Grammar
Compute successor (of state 1) under symbol ; P->S
P->eS _ S->X;5
S->e X;S X ,|S->Xe;S 1 S->x;eS S->e
S->e e state 1 S->ex;S
state 0 S->ee

Consider items (in state 1), where ; is to the immediate right of Dot.
Advance Dot by one symbol.

There is a non-terminal immediately after Dot in the successor of
state 1. So, add configurations.
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Example: CFSM

Grammar
Compute successor (of state 1) under symbol ; P->S
P->eS _ S=>X;5
S->ex;S X, |S->xe;S [ S->X;eS S->e
S->e e state 1 S->ex;S
state 0 S->ee

state 2
Consider items (in state 1), where ; is to the immediate right of Dot.

Advance Dot by one symbol.
There is a non-terminal immediately after Dot in the successor of

state 1. So, add configurations. No more items to be added.
Becomes another state in CFSM.
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Example: CFSM

Grammar
Compute successor (of state 2) under symbol e P->S
P->eS _ S=>X;5
S->ex;S X, |S->xe;S [ S->X;eS S->e
S->e e state 1 S->ex;S
state 0 S->ee

/ state 2

Consider items (in state 2), where e is to the immediate right of Dot.
Advance Dot by one symbol.
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Example: CFSM

Grammar
Compute successor (of state 2) under symbol e P->S
P->eS _ S=>X;5
S->ex;S X, |S->xe;S [ S->X;eS S->e
S->e e state 1 S->ex;S
state 0 S->ee

/ state 2
S->ee

Consider items (in state 2), where e is to the immediate right of Dot.
Advance Dot by one symbol.
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Example: CFSM

Grammar
Compute successor (of state 2) under symbol e P->S
P->eS _ S=>X;5
S->ex;S X, |S->xe;S [ S->X;eS S->e
S->e e state 1 S->ex;S
state 0 S->ee
/ state 2
S->ee
state 3

Consider items (in state 2), where e is to the immediate right of Dot.

Advance Dot by one symbol. No more items to be added. Becomes
another state in CFSM.
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Example: CFSM

Grammar
Compute successor (of state 2) under symbol x P->S
P->eS _ S=>X;5
S->ex;S X, |S->xe;S [ S->X;eS S->e
S->e e state 1 S->ex;S
state 0 S->ee
/ state 2
S->ee
state 3

Consider items (in state 2), where x is to the immediate right of Dot.
Advance Dot by one symbol.
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Example: CFSM

Grammar
Compute successor (of state 2) under symbol x P->S
P->eS _ S=>X;5
S->ex;S X, |S->xe;S [ S->X;eS S->e

S->e e state 1 S->ex;S
X
state 0 \/ S->ee
/ state 2
S->ee

state 3

Consider items (in state 2), where x is to the immediate right of Dot.
Advance Dot by one symbol.
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Example: CFSM

Grammar
Compute successor (of state 2) under symbol S P->S
P->eS _ S=>X;5
S->ex;S X, |S->xe;S [ S->X;eS S->e

S->e e state 1 S->ex;S
X
state 0 \/ S->ee S
/ state 2
S->ee

state 3

v

Consider items (in state 2), where S is to the immediate right of Dot.
Advance Dot by one symbol.
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Example: CFSM

Grammar
Compute successor (of state 2) under symbol S P->S
P->eS _ S=>X;5
S->ex;S X, |S->xe;S [ S->X;eS S->e
S->e e state 1 S->ex;S
X
state 0 \/ S->ee S » S->X;Se

/ state 2
S->ee

state 3

Consider items (in state 2), where S is to the immediate right of Dot.
Advance Dot by one symbol.
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Example: CFSM

Grammar
Compute successor (of state 2) under symbol S P->S
P->eS _ S=>X;5
S->ex;S X, |S->xe;S [ S->X;eS S->e
S->ee

\4

S->ex;S
state 1 X ’
state 0 \/ S5->ee S S->X;Se

state 2
oo / state 4
- [ ]

state 3

Consider items (in state 2), where S is to the immediate right of Dot.

Advance Dot by one symbol. No more items to be added. Becomes
another state in CFSM.
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Example: CFSM

Grammar
Compute successor (of state 0) under symbol e P->S
P->eS _ S=>X;5
S->ex;S X, |S->xe;S [ S->X;eS S->e
S->ee state 1 S->ex;S
X
state 0 \/ S->ee S » S->X;Se
tate 2
/ State state 4
S->ee

state 3

Consider items (in state 0), where e is to the immediate right of Dot.
Advance Dot by one symbol.
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Example: CFSM

Grammar
Compute successor (of state 0) under symbol e P->S
P->eS _ S=>X;5
S->ex;S X, |S->xe;S [ S->X;eS S->e
S->e e state 1 S->ex;S
X
state 0 € \/ S5->ee S » S->X;Se

state 2
<o / state 4
- o

state 3

Consider items (in state 0), where e is to the immediate right of Dot.
Advance Dot by one symbol.
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Example: CFSM

Compute successor (of state 0) under symbol S

P->S _

S->x;S X, S->Xe;S —>| S->X;eS

S->e e state 1 S->ex;S
X

state 0 e \/ S->ee

Grammar
P->S
S->X;S
S->e

S / state 2
S->ee

state 3

Consider items (in state 0), where S is to the immediate right of Dot.

Advance Dot by one symbol.

\4

S->X;Se

state 4
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Example: CFSM

Compute successor (of state 0) under symbol S

P->S _

S->0x;S X, S->Xe;S —>| S->X;eS

S->e e state 1 S->ex;S
X

state 0 e \/ S->ee

Grammar
P->S
S->X;S
S->e

S / state 2
S->ee

P->Se

state 3

Consider items (in state 0), where S is to the immediate right of Dot.

Advance Dot by one symbol.

\4

S->X;Se

state 4
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Example: CFSM

Compute successor (of state 0) under symbol S

P->S _

S->0x;S X, S->Xe;S —>| S->X;eS

S->e e state 1 S->ex;S
X

state 0 e \/ S->ee

Grammar
P->S
S->X;S
S->e

S / state 2
S->ee

P->Se
state 5

state 3

Consider items (in state 0), where S is to the immediate right of Dot.
Advance Dot by one symbol. Cannot expand CFSM anymore.

\4

S->X;Se

state 4
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Example: CFSM

 All states with Dot at extreme right become reduce states

P->e¢S _
S->x;S X S->Xe;S —| S->X;eS
S->ee state 1 S->ex;S
X
state 0 € \—/ S->ee S » S->X;Se
tate 2
S / state state 4
S->ee
P->Se state 3

state 5
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Example: CFSM

 All states with Dot at extreme right become reduce states

Grammar
Reduce 3 1) P->S
2) S->x;S
P->S | 3) S->e
S->x;S X S->Xe;S —| S->X;eS
S->ee state 1 S->ex;S
X
state 0 € \—/ S->ee S » S->X;Se
tate 2
B / State state 4
S->ee
P->Se state 3

state 5
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Example: CFSM

 All states with Dot at extreme right become reduce states

Grammar
Reduce 2 1) P->S
2) S->X;S
P->S | 3) S->e
S->x;S X S->Xe;S —| S->X;eS
S->ee state 1 S->ex;S
X
state 0 € \—/ S->ee S » S->X;Se
tate 2
B / State state 4
S->ee
P->Se state 3

state 5
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Example: CFSM

 All states with Dot at extreme right become reduce states

Grammar
Accept 1) P->S
2) S->x;S
P->S | 3) S->e
S->x;S X S->Xe;S —| S->X;eS
S->ee state 1 S->ex;S
X
state 0 € \—/ S->ee S » S->X;Se
tate 2
B / State state 4
S->ee
P->Se state 3

state 5
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Example: CFSM

« Remaining states become shift states

Grammar
1) P->S
2) S->x;S
P-e S | 3) S->e
S->x;S X S->Xe;S —| S->X;eS
S->e¢e state 1 S->°X;S
X
state 0 € \—/S‘”e S » S->X;Se

state 2
S oo / state 4
- [ )

P->Se
state 5

state 3
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Conflicts

« What happens when a state has Dot at the extreme right
for one item and in the middle for other items?

Shift-reduce conflict
Parser is unable to decide between shifting and reducing

 When Dot is at the extreme right for more than one items?

Reduce-Reduce conflict
Parser is unable to decide between which productions to choose for
reducing
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Example: goto table

P->¢S _
S->x;S X . S->Xe;S —> S->X;eS
S->ee state 1 S->ex;S
X
state 0 e K/ 5->ee S, S->X;Se
state 2
S / state 4
S->ee
P->Se state 3
state 5

e construct transition table from CFSM.
 Number of rows = number of states
* Number of columns = number of symbols
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Example: goto table

P->eS _

S->8x;S X ,|S->xe;S —>| S->X;eS
S->e e S->ex;S
= state 1 M/ <o o

/ state 2
S->ee

P->Se state 3

state 5
state X ; e P
0 1 3
1 2
2 1 3
3
4
> CS620,|IIT Dharwad

\4

S->X;Se

state 4
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Example: action table

P->eS _
S->ex;S X . S->Xe;S —> S->X;eS
S->e e S->ex;S
e . state 1 M/ < e
S / state 2
S->ee
P->Se state 3
state 5
state X
0 Shift
1 Shift
2 Shift
3 Reduce 3
4 Reduce 2
5 Accept

\4

S->X;Se

state 4

205



Example: action table

P->eS _

S->x;S X . S->Xe;S —> S->X;eS
S->ee state 1 \&/ S->ex;S
state 0 S->ee

S / state 2
S->ee
P->Se state 3
state 5
Symbol
X ¢ P S Action
0 I 3 5 Shift
| 2 Shift
2 I 3 - Shift
State
3 Reduce 3
- Reduce 2
5 Accept

CS620, IIT Dharwad

\4

S->X;Se

state 4
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LR(O) Parsing

* Previous Example of LR Parsing was LR(0)
* No (0) lookahead involved

* Operate based on the parse stack state and with goto
and action tables (How?)



LR(O) Parsing

* Assume: Parse stack contains a == saying that a e.g.
prefix of X;X is seenin the input string

Parse Stack

0

01

P->e5S
S->-x;S-___E__+

S->ee

012

0121

/

state 0 e
S

P->Se
state 5

S->Xe;S |

state 1

IR
\\Mﬁ_ﬁﬁ

S->X;eS
S->ex;5S
S->ee

S
S->ee

state 3

state 2

» S->X;Se

state 4




* Assume: Parse stack contains a == saying that a

LR(O) Parsing

prefix of X;X is seenin the input string

Parse Stack

0

01

P->eS
S->X;S
S->ee

—_— e

S->Xe;S |

—

012

0121

/

state 0

e

P->Se

state 5

Go from state O to state 1 consuming x

state 1

IR
Q/

S->X;eS
S->ex;5S
S->ee

S
S->ee

state 3

state 2

» S->X;Se

state 4




LR(O) Parsing

* Assume: Parse stack contains a == saying that a
prefix of X;X is seenin the input string

Parse Stack P->e5 « .
0 S->X;SI— = ,|S->Xe;S— = —S->X;eS
01 S->ee state 1 N_/ S->ex;5 <

state 0 e S5->ee > S->X;Se
012 S / state 2 tate 4
0121 S-vee state

/ P->Se state 3
state 5

Go from state 1 to state 2 consuming ;



* Assume: Parse stack contains a == saying that a

LR(O) Parsing

prefix of X;X is seenin the input string

Parse Stack

0

01

P->eS
S->X;S
S->ee

X

—_—

012

0121

/

state 0

e

P->Se

state 5

Go from state 2 to state 1 consuming x

S->Xe;S

?
—

state 1

NN

~.
—

S->X;eS
S->ex;5S
S->ee

S
S->ee

state 3

state 2

» S->X;Se

state 4




LR(O) Parsing

* Assume: Parse stack contains a.

=> we are in some state s



LR(O) Parsing

e Assume: Parse stack contains a.

=> we are in some state s.
We reduce by X->f if state s contains X->p®

* Note: reduction is done based solely on the current
state.



LR(O) Parsing

* Assume: Parse stack contains a.
=> we are in some state s.

* Assume: Next inputist

We shift if s contains X->3 @ tw

== s has a transition labelled t



LR(O) Parsing

* What if s contains X->p @ tw and X->Be ?



Conflicts or not?

& 10
K/I;/////E—>T+.E E->T+E.
3 N E->.T
y) E->T. E->.T+E 11
’ _ ->T. T->.
S 7E >T4+E T->. T->(.E)
E : N T->. E->.T
1| T->ant.mT E->.T+E
S’->.E Int | T->int. T->.(E)
E->.T lint  * T->int*T. T->.int*T
E->.T+E T->int*.T / g T->.int
T->.(E) T->.(E) T->(E.)
T->.int*T T->.int*T i
T->int T->.int g ) o U
5 T->(E).



SLR Parsing

* SLR Parsing improves the shift-reduce conflict states of
LR(O):

Reduce X->B e only if
t € Follow(X)



Follow(E) = { $, ) }

lookahead 1

6 c 10
T E->T+.E E->T+E.
3 E->.T
+ (
2 E->T. E->.T 11
S° ->E. E->T.+E T->.(
4 T>.i T_>(.E)
E T o _t*T T> 3 E_>.T
1 ->int. . _
1 e
E->.T fint — [x - s
>. , T->int*T. T->.1int*T
E->.T+E T->int*.T /I//// 8 L T->.int
T->.(E) T->.(E) T->(E.) E
T->.int*T T->.int*T : L\/}
T->int T->.int 9 ) r (
5 T—>(E).

=> reduce by E->T. only if next inputis $ or )



E->id. ; / \E->E+E.
i E->E.+E

1 [ E->E.+E
E—>.E+E//////,

E->.id

What about the grammar E-> E + E | id ?

LR(9)?



E->id. ; / \E->E+E.
i E->E.+E

1 [ E->E.+E
E—>.E+E//////,

E->.id

What about the grammar E-> E + E | id ?

LR(0)? SLR(1)?



E->id. ; / \E->E+E.

id E->E.+E
1 g vE->E.+E

E—>.E+E//////,

E->.id

What about the grammar E-> E + E | id ?
LR(®)? SLR(1)?

Follow(E) = {+,%$} => in state 5, reduce by E->E+E. only if next input is $ or +




. E->.E+E :

2 E->.id \\\\\\\‘ .
E->1d. ; /i/////' K\§:\\\\\E->E+E.
id E->E.+E

1 f nmE->E.+E
E—>.E+E//////,

E->.id

What about the grammar E-> E + E | id ?

LR(Q)? SLR(1)?

Follow(E) = {+,%$} => in state 5, reduce by E->E+E. only if next inputis $ or +

But state 5 has E->E.+E (shift if next input is +)
Shift-reduce conflict!



. E->.E+E :

2 E->.id \\\\\\\‘ .
E->1d. ; /i/////' K\§:\\\\\E->E+E.
id E->E.+E

1 f nmE->E.+E
E—>.E+E//////,

E->.id

What about the grammar E-> E + E | id ?
LR(@)? SLR(1)?

Follow(E) = {+,%$} => in state 5, reduce by E->E+E. only if next inputis $ or +

But state 5 has E->E.+E (shift if next input is +)

Shift-reduce conflict!
%left +

says reduce if the next input symbolis+ised prioritize rule E+E. over E.+E



Discussion: LR and LL Parsers

* LR Parsers:
* For the next token, t, in input sequence, LR parsers try to answer:
i) should | put this token on stack? or ii) should | replace a set of

tokens that are at the top of a stack?

In shift states (case i), if there is no transition out of that state
for t, it is a syntax error.

* LL Parsers:
e LL parsers ask the question: which rule should | use next based on
the next input token t?. Only after expanding all non-terminals of
the rule considered, they move on to consume the subsequent

input tokens

CS620, IIT Dharwad 224



Discussion

Grammar:

1: S -> F

2: S -> (S + F)
3: F -> a

input:

(a+)

Accepted or Not
accepted?

- LR and LL Parsers

Parse Table (Top-Down)




Discussion

Grammar:

1: S -> F

2: S -> (S + F)
3: F -> a

input:

(a+)

Accepted or Not
accepted?

- LR and LL Parsers

Goto and Action Table?




LR(k) parsers

® |R(0) parsers
® No lookahead

® Predict which action to take by looking only at the
symbols currently on the stack

® [R(k) parsers
® (Can look ahead k symbols
® Most powerful class of deterministic bottom-up parsers

® | R(Il) and variants are the most common parsers

CS620, IIT Dharwad 227



Top-down vs. Bottom-up parsers

® Top-down parsers expand the parse tree in pre-order
® |dentify parent nodes before the children

® Bottom-up parsers expand the parse tree in post-order
® |dentify children before the parents

® Notation:
® |L(l):Top-down derivation with | symbol lookahead
® || (k):Top-down derivation with k symbols lookahead

® |R(I): Bottom-up derivation with | symbol lookahead

CS620, IIT Dharwad 228
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