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Review Questions

* Q1: what does LL(k) mean?

L: scans the input from left to right
L: produces a leftmost derivation
K: using k input symbols of lookahead

e Q2:isE =2 E+T | int | int*T a LL(1) grammar?
NO. Left recursion, common prefix.
e Q3: for table-driven LL(1) parser, what are the

components? oo | | e o B
Input buffer, stack, parse table, driver A

& N| =] X4
(i

| Output

* Q4: what is the initial state of the parser?
Input: input tokens followed by S

Stack: start symbol followed by S _
* Q5: how to predict the next production to use?

Current nonterminal being processed, next input symbol(s).
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Use the Parse Table

* To recognize “int * int” E->TE
input E'>+E | ¢
int * int T - intT" | (E)
— T *T | €
j parser driver
E
S -
table int * + ( ) S
stack
E E->TFE E—->TFE
E’ E' > +E EE>¢e | EE2>c¢
T T2intT T - (E)
T T2>*T| T 2>¢ T—2>e | T2>¢

B



To Construct Parse Table[# & @i

* The parsing table stores the actions the parser should
take based on the input token and the stack top

* The parsing table can be constructed using two sets

— FIRST(): set of terminals that begin strings derived from a
o E.g., c € FIRST(A) or FIRST(AaB)
o If A=>%*g, theneisalsoin FIRST(A)
— FOLLOW(A): set of terminals that can appear following A
o E.g., a € FOLLOW(A)
o If Ais rightmost symbol of a sentential form, S is also in FOLLOW(A)

S S =* aAaf
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To Construct Parse Table[# & @i

* The parsing table stores the actions the parser should
take based on the input token and the stack top

* The parsing table can be constructed using two sets

— FIRST(): set of terminals that begin strings derived from a
o E.g., c € FIRST(A) or FIRST(AaB)
o If A=>%*g, theneisalsoin FIRST(A)
— FOLLOW(A): set of terminals that can appear following A
o E.g., a € FOLLOW(A)
o If Ais rightmost symbol of a sentential form, S is also in FOLLOW(A)

There may have been symbols between A and a, at some time

during derivation, but if so, they derived € and disappeared S S =>* ocAaB
A a
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Use FIRST and FOLLOW

* Why do we need FIRST and FOLLOW in parsing?

— FIRST and FOLLOW allow to choose which production to apply, based
on the next input symbol

* FIRST[H45%E]
— FIRST(a): set of terminals that start strings derived from «o
o o: any string of grammar symbols
— Consider A 2 «a|B, where FIRST(a) and FIRST(B) are disjoint sets
— We can then choose by looking at the next input symbol a
o since a can be in at most FIRST(a) or FIRST(B), not both [@@ lookahead

* FOLLOW|[)G2k£E]
— FOLLOW(A): set of terminals that can appear right after A
o A: nonterminal

— If there’s a derivation of A that results in €

o In this case, A could be replaced by nothing and the next token would be
the first token of the symbol following A in the sentence being parsed

o Thus, parser needs to consider to choose the path A =* ¢

Non-terminal A disappears, without consuming any input symbol.
5
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Example

Grammar: Input: ada
S 2 aBC S

B> bC :

B—> dB

B—>¢

C—>c
C—2>a
D—2>e
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Example

Grammar: Input: ada Input: ade
S - aBC S S

B> bC b € FIRST(B) = aBC = aBC
B—> dB d € FIRST(B) = adBC = adB
B—>¢ = adC = ad
C—>c ceFOLLOW(B) = ada =

C—>a a€FOLLOW(B) Is there a B’s production to derive a?

D>e Again, we choose B = €. Unfortunately, not work
% a is in FIRST(B)/FOLLOW(B), but e is not

 Both FIRST and FOLLOW should be used to construct the
parsing table
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FIRST

* Compute FIRST(X) for all grammar symbols X, apply the
following rules until no terminal or € can be added to any
FIRST set

— If X € T, then FIRST(X)={X}£& 45 7F]

— If X € N and X € exists, then add € to FIRST(X)[FF & 454F, = 2]

- If X € N and X=> Y,Y,Y5..Y,, then[dE& 45 %%, dEa5 ]

o Add a to FIRST(X), if for some i, a is in FIRST(Y;), and € is in all of FIRST(Y,),
..., FIRST(Y,,), i.e., Y;..Y., =>* €. E.g.,

e Everything in FIRST(Y,) is surely in FIRST(X)
* If Y, doesn’t derive g, then we add nothing more
e Butif Y, =>%* g, then we add FIRST(Y,), and so on

o Add € to FIRST(X), if € is in FIRST(Y)) for all j=1,2,...k

IMRXRIFAR LR, HAF4EJEA X > ABCAEF... (A,B,CY NIFA 4R H A
e, dNARLEFR), NFEZEAEFIRST(A), FIRST(B), FIRST(C), d A FFIRST(X)H

»’ri‘ﬁ“ﬁ




FIRST(cont.)

 Compute FIRST(X) for all grammar symbols X[#F 5]

* Next, we can compute FIRST for any string a = X, X,...X [}
=]
— Add FIRST(X,) all non-g symbols to FIRST(a)[244% ! ]
— Add FIRST(X.) — €, 2<i<k, to FIRST(a), if FIRST(X,), ..., FIRST(X,_,)
all contain g[fTk-17-#F175 HH ]
o Add non-g symbols of FIRST(X,), if € is in FIRST(X;)
o Add non-g symbols of FIRST(X;), if € is in FIRST(X;) and FIRST(X,)

O

— Add € to FIRST(a), if FIRST(X;), ..., FIRST(X,) all contain g[aF & 1]
LIz BH ]

(&) T X2 8 Djud:




FOLLOW

* To compute FOLLOW(A) to all non-terminals A, apply
following rules until no terminal or € can be added to any

FOLLOW set
— Place S in FOLLOW(S), where S is the start symbol
— If there is a production A = aBp, then everything in FIRST(P)
except € is in FOLLOW(B)

— If there is a production A = aB, or a production A 2 aBp,
where FIRST(B) contains €, then everything in FOLLOW/(A) is in
FOLLOW(B)

o Namely, follow sets are defined in terms of follow sets
o This step has to be repeated until follow sets converge

() o
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Example: FIRST and FOLLOW

e FIRST(T) = FIRST(E) = {int, (}
- E has only one production, and its body starts with T
- T doesn’t derive g, E is same with T (ow, consider E’)

e FIRST(E’) = {+, €] E=>TE

’ E'—> +E|e
* FIRST(T) = {¥, €} T intT’ | (E)
« FOLLOW(E) = FOLLOW(E’) = {), $} T'>*T|e

— E is start symbol, thus S must be contained; production body (E)
- E’ appears at the ends of E-productions, same as FOLLOW(E)

* FOLLOW(T) = FOLLOW(T’) = {+, ), S}
— +: T appears in bodies only followed by E’, thus FIRST(E’) - €

- ), S: FIRST(E’) contains €, and E’ is the entire string following T,
so FOLLOW(E’) is in FOLLOW(T)

__ =T isonly at ends of T-productions, FOLLOW(T’)=FOLLOW(T)




Example: FIRST and FOLLOW (cont.)

Symbol FIRST FOLLOW
E int, ( ), S
E’ +, € ), S
T int, ( +,),S
T * € +,),S
A — o (RHS) FIRST
E—>TE int, (
E" - +E +
T = intT’ int
T = (+E) (
T =>*T *
©)TuRE H

E->TE

E'—=> +E|¢

T intT’ | (E)
T'>*T|e

B



Construct LL(1) Parse Table[y i gt ]

* Goal: to put each production into the table entry
- Each: LL(1)

* To construct, rule A— a is added to MIA, a] if either:
— For each terminal a in FIRST(a) [/ 7t FERHSHIFIRSTAE]

- If €isin FIRST(a), or a=g, a is in FOLLOW(A) (e-production)[& =
FeAE R (AR5 B LHS I FOLLOWAE]
o If €isin FIRST(a) and S is in FOLLOW(A), add A = o to M[A, S] as well

* If after performing the above, there is no production at all
in M[A, a], then set M[A, a] to error

— Which is normally represented by an empty entry in the table

() o




Construct LL(1) Parse Table (cont.)

A - o (RHS) | FIRST E->TE
E > TE int, ( ' +E|e
© S +E . Symbol | FIRST roLlow | T = intT" | (E)
T = intT’ int E int, ( ), S T'>*T|e
T (E) ( E’ + € ), S
T = *T * T int, ( +,),S
T * € +),$
table int * + ( ) $

E

£

T

-

B

R
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Construct LL(1) Parse Table (cont.)

A - o (RHS) | FIRST E>TE
E > TE int, ( ' +E|e
© S +E . Symbol | FIRST roLlow | T = intT" | (E)
T = intT’ int E int, ( ), S T'>*T|e
T (E) ( E’ + € ), S
T = *T * T int, ( +,),S
T * € +),$
table int * + ( ) $

E

£

T

-

B
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Construct LL(1) Parse Table (cont.)

A - o (RHS) | FIRST E>TE
E > TE int, ( ' +E|e
© S +E . Symbol | FIRST roLlow | T = intT" | (E)
T = intT’ int E int, ( ), S T'>*T|e
T (E) ( E’ + € ), S
T = *T * T int, ( +,),S
T * € +),$
table int * + ( ) $

E

£

T

-
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Construct LL(1) Parse Table (cont.)

A - o (RHS) | FIRST E>TE
E > TE int, ( B’ +E|e
© S +E . Symbol | FIRST roLlow | T = intT" | (E)
T = intT’ int E int, ( ), S T'>*T|e
T (E) ( E’ + € ), S
T = *T * T int, ( +,),S
T * € +),$
table int * + ( ) $

E | EDTF ES TR

£

T

-

13
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Construct LL(1) Parse Table (cont.)

A - o (RHS) | FIRST E->TE
E > TE int, ( B’ +E|e
© S +E . Symbol | FIRST roLlow | T = intT" | (E)
T = intT’ int E int, ( ), S T'>*T|e
T (E) ( E’ + € ), S
T = *T * T int, ( +,),S
T * € +),$
table int * + ( )

E | EDTF ES TR

£

T

-

13
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Construct LL(1) Parse Table (cont.)

A - o (RHS) | FIRST E->TE
E > TE int, ( ' +E|e
© S +E . Symbol | FIRST FoLlow | T = intT" | (E)
T intT’ int E int, ( ), S T'>*T|e
T (E) ( E’ + € ), S
T = *T * T int, ( +,),S
T’ * € +),$
table int * + ( )

E E->TE ES TR

E’ E' > +E

T

-

13
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Construct LL(1) Parse Table (cont.)

A - a (RHS) | FIRST E->TE
E > TE int, ( ' +E|e
© S +E . Symbol | FIRST FoLlow | T = intT" | (E)
T intT’ int E int, ( ), S T'>*T|e
T (E) ( E’ + € ), S
T = *T * T int, ( +,),S
T’ * € +),$
table int * + ( ) $

E | EDTF ESTE

E’ E' > +E

T ([T2intT

-
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Construct LL(1) Parse Table (cont.)

A - o (RHS) | FIRST E->TE
E > TE int, ( ' +E|e
© S +E . Symbol | FIRST roLlow | T = intT" | (E)
T = intT’ int E int, ( ), S T'>*T|e
T (E) ( E’ + € ), S
T = *T * T int, ( +,),S
T * € +),$
table int * + ( ) $

E | EDTF ES TR
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Construct LL(1) Parse Table (cont.)

A - o (RHS) | FIRST E->TE
E > TE int, ( B’ +E|e
© S +E . Symbol | FIRST FoLlow | T = intT" | (E)
T intT’ int E int, ( ), S T'>*T|e
T (E) ( E’ + € ), S
T = *T * T int, ( +,),S
T’ * € +),$
table int * + ( ) $
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Construct LL(1) Parse Table (cont.)

A - a (RHS) | FIRST E->TE
E > TE int, ( ' +E|e
© S +E . Symbol | FIRST roLlow | T = intT" | (E)
T = intT’ int E int, ( ), S T'>*Tle
T (E) ( E’ + € ), S
T = *T * T int, ( +,),S
ES>e FOLLOW T i +),$
table int * + ( ) $

E | EDTE ESTE

E’ E' > +E

T [T2intT T (F)

T T 2> *T
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Construct LL(1) Parse Table (cont.)

A - a (RHS) | FIRST E->TE
E > TE int, ( ' +E|e
© S +E . Symbol | FIRST roLlow | T = intT" | (E)
T = intT’ int E int, ( ), S T'>*Tle
T (E) ( E’ th, @ ), S
T = *T * T int, ( +,),S
ES>e FOLLOW T i +),$
table int * + ( ) $

E | EDTE ESTE

E’ E' > +E
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T T 2> *T




Construct LL(1) Parse Table (cont.)

A > o (RHS) | FIRST E’e TE
E > TE int, ( Eéf“Elf
© S +E . Symbol | FIRST FoLLow | T = intT’ | (E)
i T'>*T|e
T intT’ int E int, ( ), 9 |
T - (E) ( E’ +, € ), $
T > *T * T int, ( +,), 5
e FOLLOW T *, € +),$
table int * + ( ) $
E | EDTF —
E’ B’ +E ESe | PS¢
T T2intT T- (E)
T T > *T




Construct LL(1) Parse Table (cont.)

A > o (RHS) | FIRST E’e TE
E > TE int, ( Eéf“Elf
© S +E . Symbol | FIRST roLLow | T = intT” | (E)
i T'>*T|e
T intT’ int E int, ( ), 9 |
T - (E) ( E’ +, € ), S
T >*T * T int, ( +),9
E>e FOLLOW T *, € +),$
T >¢ FOLLOW
table int * + ( ) $
E | ES>TF —
E’ E > +E e | EP>e
T T=2intT T- (E)
T T 2> *T
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Construct LL(1) Parse Table (cont.)

A > o (RHS) | FIRST E’e TE
E > TE int, ( Eéf“Elf
© S +E . Symbol | FIRST roLLow | T = intT” | (E)
i T'>*T|e
T intT’ int E int, ( ), 9 |
T - (E) ( E’ +, € ), S
T >*T * T int, ( +),9
E>e FOLLOW T 56 +),$
T >¢ FOLLOW
table int * + ( ) $
E | ES>TF —
E’ E > +E e | EP>e
T T=2intT T- (E)
T T 2> *T




Construct LL(1) Parse Table (cont.)

A > o (RHS) | FIRST E’e TE
E > TE int, ( Eéf“Elf
© S +E . Symbol | FIRST roLLow | T = intT” | (E)
i T'>*T|e
T intT’ int E int, ( ), 9 |
T - (E) ( E’ +, € ), S
T >*T * T int, ( +),9
E>e FOLLOW T 56 +),$
T >¢ FOLLOW
table int * + ( ) $
E | EDTE —
E’ E > +E e | EP>e
T T=2intT T- (E)
T T>*| T e e |TDe




Use the Table [already examined]

* To recognize “int * int” E->TE
input E'> +E | €
int * int T - intT" | (E)
— T *T | €
+/ parser driver
E
S —
table int * + ( ) S
stack
E E->TFE E—>TE
E’ E' > +E EE>¢e | EE2c¢
T T2intT T - (E)
T T2>*T| T >¢ T2>e | T2>¢

14
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Determine If Grammar is LL( 1))

* Observation[E W&k FE]

- If a grammar is LL(1), then each of its LL(1) table entry contains

at most one rule wble | int ; . ( ) s
. . . E E->TE E->TFE

— Otherwise, it is not LL(1) : S T
T T=2>intT T%(E)

T T>* | T>e¢ T>e | T>e

 Two methods to determine if a grammar is LL(1) or not
— Construct LL(1) table, and check if there is a multi-rule entry
— Check each rule as if the table is getting constructed
Gis LL(1) iff forarule A - a|B

a FIRST(a) N FIRST(B) = &
PRE TR ) e —
¢

o At most one of a and B can derive €
o If B derives g, then FIRST(a) N FOLLOW(A) =

15 Dhige




Non-LL(1) Grammars3ELL(1) 3]

e Suppose a grammar is not LL(1). What then?
e Case-1: the language may still be LL(1)

— Try to rewrite grammar to LL(1) grammar:

o Apply left-factoring
o Apply left-recursion removal

— Try to remove ambiguity in grammar:

o Encode precedence into rules
o Encode associativity into rules

e Case-2: If Case-1 fails, language may not be LL(1)

- Impossible to resolve conflict at the grammar level

- Programmer chooses which rule to use for conflicting entry (if
choosing that rule is always semantically correct)

— Otherwise, use a more powerful parser (e.g. LL(k), LR(1))

() o
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LL(1) Time and Space Complexity[& 4

e Linear time and space relative to length of input[£: %]

* Time: each input symbol is consumed within a constant

number of steps

- If symbol at top of stack is a terminal:
o Matched immediately in one step

- If symbol at top of stack is a non-terminal:
o Matched in at most N steps, where N = number of rules
o Since no left-recursion, cannot apply same rule twice without

consuming input
e Space: smaller than input (after removing X = €)

— RHS is always longer or equal to LHS

o Derivation string expands monotonically
o Derivation string is always shorter than input string[inputBl f &4 B ]

— Stack is a subset of derivation string (unmatched portion)

() o




Some Thoughts ...

e LL(1) table-driven parser is basically DFA + Stack
— Capable to count = CFG is more powerful than RE

* We have studied LL(1), what about LL(0), LL(2) or LL(k)?

* |s LL(0) useful at all?

— Grammar where rules can be predicted with no lookahead
- = That means, there can only be one rule per non-terminal
- = That means, this language can have only one string

* What would prevent LL(2) ... LL(k) from wide usage?
— Size of parse table = O(|N|*|T|¥)

o where N = set of non-terminals, T = set of terminals

() o
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Summary: Predictive Parser[/h4;

* FIRST and FOLLOW sets are used to construct predictive
parsing tables

* Intuitively, FIRST and FOLLOW sets guide the choice of
rules

— For non-terminal A and lookahead t, use the production rule A
— o where t € FIRST(a)

OR

— For non-terminal A and lookahead t, use the production rule A
— a where € € FIRST(a) and t € FOLLOW(A)

— There can only be ONE such rule
o Otherwise, the grammar is not LL(1)

() o
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Bottom-up Parsing[&J&[q) L]

* Begins at leaves and works to the top[iH+ 2I#E]
— Bottom-up: reduces[/d%] input string to start symbol

- In the opposite direction from top-down
o Top-down: expands start symbol to input string

- In reverse order of rightmost derivation (In effect, builds tree
from left to right, just like top-down)

Parser

:
| I

Top-down parser Bottom-up parser

t
[ |
° More powerfU| than top down RD-backtrack Predictive

- Don’t need left factored grammars parser parser
— Can handle left recursion
— Can express a larger set of languages

— And just as efficient

() o
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Example

* Grammar e
E->T+E|T c
T int*T | int | (E) T

e String: int * int + int T i

int ¥ int + int

* The rightmost derivation of the parse tree
—E=ST+E=T+T=2T+int=>int*T+int=int * int + int

* To recognize the string via bottom-up parsing
—int*int+int=2iNt*T+int=>T+int=>T+T=>T+E=>E

21 i




