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Treats the input programas as a a sequence of classified
tokens/words
Applies rules parsing token sequences as

abstract syntax trees (ASTSs) [ syntactic analysis ]

Upon termination:
¢ Reports token sequences not derivable as ASTs
e Produces an AST

No longer considers every character in input program.
Derivable token sequences constitute a

context-free language (CFL) .
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Context-Free Languages: Introduction

We have seen regular languages:

o Can be described using finite automata or regular expressions.
o Satisfy the pumping lemma.

e Language with recursive structures are provably non-regular.
e.g., {0™M"| n>0}

Context-Free Grammars (CFG’s) are used to describe strings
that can be generated in a recursive fashion.

Context-Free Languages (CFLs) are:

o Languages that can be described using CFG’s.
o A proper superset of the set of regular languages.
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CFG: Example (1.1)

» The following language that is non-regular
{0"#1" | n>0}
can be described using a context-free grammar (CFG):

A - 0A1
A - B
B - #

e A grammar contains a collection of substitution or production
rules, where:
o Aterminalisaword we X" (e.g., 0, 1, etc.).
o A variable or non-terminal is aword w ¢ X* (e.g., A, B, etc.).
o A start variable occurs on the LHS of the topmost rule (e.g., A).
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CFG: Example (1 .2) :A§SONDE

e Given a grammar, generate a string by:
1. Write down the start variable.
2. Choose a production rule where the start variable appears on the
LHS of the arrow, and substitute it by the RHS.
3. There are two cases of the re-written string:
3.1 It contains no variables, then you are done.
3.2 It contains some variables, then substitute each variable using the
relevant production rules.
4. Repeat Step 3.
¢ e.g9., We can generate an infinite number of strings from

A — 0A1

A - B
B - +#

A= B=#
A= 0A1 = 0B1 = 0#1
A= 0A1 = 00A11 = 00B11 = 00#11




CFG: Example (1.2)

Given a CFG, a string’s derivation can be shown as a parse free.

e.g., The derivation of 000#111 has the parse tree

A

A

A

A

B
OOO#Llll
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CFG: Example (2)

Design a CFG for the following language:

{w|we{0,1}"Aw is a palidrome}

e.g., 00, 11, 0110, 1001, etc.

P -
P -
P - 1
P -
P

0PO
1P1
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CFG: Example (3)

Design a CFG for the following language:

{wwf | we{0,11*}

e.g., 00, 11,0110, etc.

P - ¢
P - 0PO
P - 1P1
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CFG: Example (4)

Design a CFG for the set of binary strings, where each block of
0’s followed by at least as many 1’s.

e.g., 000111, 0001111, etc.

e We use S to represent one such string, and A to represent
each such block in S.

S -

>>>>W0m
AR

€
AS
€

01
0A1
Al

{BC
{RC
{BC
{BC
{RC
{RC

of
of
of
of
of
of

S}

S}

A}

A}

A: equal 0’s and 1’s}
A: more 1’s}

_
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CFG: Example (5.1) Version 1 s

Design the grammar for the following small expression language,
which supports:

Arithmetic operations: +, —, *, /

Relational operations: >, <, >=, <=, ==, /=

Logical operations: true, false, !, &&, | |, =>

Start with the variable Expression.

There are two possible versions:

1. All operations are mixed together.
2. Relevant operations are grouped together.
Try both!

i ords
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CFG: Example (5.2) Version 1 s

1L ordp

Expression

IntegerConstant

Digit

BooleanConstant

—

IntegerConstant
—IntegerConstant
BooleanConstant
BinaryQOp
UnaryOp

( Expression )

Digit
Digit IntegerConstant

0/1]2|3]4|5|6]7|8]9

TRUE
FALSE
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CFG: Example (5.3) Version 1 s

BinaryOp — Expression + Expression
|  Expression — Expression
|  Expression » Expression
|  Expression / Expression
| Expression & Expression
| Expression | | Expression
|  Expression => Expression
|  Expression == Expression
| Expression /= Expression
| Expression > Expression
|  Expression < Expression

UnaryOp — ! Expression

17 ordp
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CFG: Example (5.4) Version 1 LASSONDE

However, Version 1 of CFG:
o Parses string that requires further semantic analysis (e.g., type
checking):
eg.,3 => 6
o Is ambiguous, meaning?
o Some string may have more than one ways to interpreting it.
o An interpretation is either visualized as a parse tree, or written as a
sequence of derivations.

e.g., Draw the parse tree(s) for3 = 5 + 4

1301498
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CFG: Example (5.5) Version 2 S
Expression —  ArithmeticOp
|  RelationalOp
| LogicalOp
| ( Expression )

IntegerConstant  —

Digit -

BooleanConstant —

14 ot b

Digit
Digit IntegerConstant

0/1]2|3]4|5|6]7|8]9

TRUE
FALSE
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CFG: Example (5.6) Version 2 LASSONDE

ArithmeticOp —  ArithmeticOp + ArithmeticOp

| ArithmeticOp - ArithmeticOp

| ArithmeticOp  ArithmeticOp

| ArithmeticOp / ArithmeticOp

| (ArithmeticOp)

| IntegerConstant

|  -IntegerConstant
RelationalOp —  ArithmeticOp == ArithmeticOp

| ArithmeticOp /= ArithmeticOp

| ArithmeticOp > ArithmeticOp

| ArithmeticOp < ArithmeticOp

— LogicalOp «s LogicalOp

| LogicalOp | | LogicalOp

|  LogicalOp => LogicalOp

| ! LogicalOp

| (LogicalOp)

|  RelationalOp

|  BooleanConstant

LogicalOp

15 o148
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CFG: Example (5.7) Version 2 s

However, Version 2 of CFG:
o Eliminates some cases for further semantic analysis:
e.g., (1 + 2) => (5 / 4) [ no parse tree ]
o Still parses strings that might require further semantic analysis:
eg., (L +2) / (5-(2+ 3))
o Still is ambiguous.
e.g., Draw the parse tree(s) for3 = 5 + 4

b orup
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CFG: Formal Definition (1)

* A context-free grammar (CFG) is a 4-tuple (V, £, R, S):
o Vs afinite set of variables.
o Y is a finite set of terminals. [VNnX=2]
o R is afinite set of rules s.t.

Rc{v->s|veVase(Vul)*}

o Se Visisthe start variable.
e Given strings u,v,we (VuX)*, variable Ae V,arule A— w:

o | UAv = uwv |menas that uAv yields uwv.

* - .
o | u= v|means that u derives v, if:
e U=V;oOr
s U =>lh==>U=>V [ a yield sequence ]

e GivenaCFG G=(V, &, R, S), the language of G

LG)={weZ*|S=>w)
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CFG: Formal Definition (2): Example LASSONDE

e Design the CFG for strings of properly-nested parentheses.

eg., O, OO0, (OO O, et
Present your answer in a formal manner.

e G=({S}, {(,)}, R S),where Ris
S—> (8 )|SS|e

e Draw parse irees for the above three strings that G generates.

18 ordp
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CFG: Formal Definition (3): Example LASSONDE
e Consider the grammar G=(V,%L,R,S):
o Ris
Expr - Expr + Term
| Term
Term - Term » Factor
| Factor
Factor — (Expr)
|

o V ={Expr, Term, Factor}
o Z:{a,+,*7 (,)}
o S=Expr
e Precedence of operators +, = is embedded in the grammar.
o “Plus” is specified at a higher level (Expr) than is “times” (Term).
o Both operands of a multiplication (Factor) may be parenthesized.

19 ot b
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Regular Expressions to CFG’s

¢ Recall the semantics of regular expressions (assuming that we
do not consider @):

L(e) = {e}
L(a) = {a}
L(LE+F) = L(E)uL(F)
L( EF) = L(E)L(F)
LCE") = (L(E))”
LC(E)) = LE)
e e.9., Grammar for (00+1)* + (11 +0)*

S - A|B

A - €e|AC

C - 00]1

B - ¢|BD

D - 11]|0

ZIAWe) &S5



DFA to CFG,S LASSONDE

e GivenaDFAM=(Q, &, 6, qu, F):
o Make a variable R; for each state g; € Q.
o Make Ry the start variable, where qq is the start state of M.
o Add arule R; — aR; to the grammar if §(q;, a) = g;.
o AddaruIeR,-—>eifq,-eF.

e e.9., Grammar for

Ry — 1Ry |O0R;
R1 - 0R0|1R1|6

o1 ords
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CFG: Leftmost Derivations (1)

Expr - Expr + Term| Term
Term — Term x Factor | Factor
Factor — (Expr) |a

o Given a string (¢ (VuX)*), a left-most derivation (LMD) keeps
substituting the leftmost non-terminal (¢ V).
o Unique LMD for the stringa + a * a:

Expr

a

A 2R I

DO D

+

+
+
+
+

Expr + Term
Term + Term
Factor + Term

Term

Term = Factor
Factor « Factor
a = Factor

a x a

o This LMD suggests that a » a is the right operand of +.

v ordp
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CFG: Rightmost Derivations (1)

Expr - Expr + Term| Term
Term — Term « Factor | Factor
Factor — (Expr) |a

o Given a string (¢ (V uX)*), a right-most derivation (RMD) keeps
substituting the rightmost non-terminal (e V).
o Unique RMD for the stringa + a * a:

Expr = Expr + Term
= Expr + Term » Factor
= Expr + Term » a
= Expr + Factor ~ a
= Expr + a » a
= Term + a » a
= Factor + a ~ a
= a-+a~ a

o This RMD suggests that a » a is the right operand of +.
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CFG: Leftmost Derivations (2)

Expr - Expr + Term| Term
Term — Term x Factor | Factor
Factor — (Expr) |a

o Unique LMD for the string (a + a) * a:

Term

Term = Factor
Factor ~ Factor

( Expr ) = Factor

( Expr + Term ) x Factor
( Term + Term ) =« Factor
( Factor + Term ) « Factor
(a+ Term ) » Factor
(
(
(

Expr

+ Factor ) = Factor
+ a ) = Factor
+a) = a

L

a
a
a

o This LMD suggests that (a + a) is the left operand of *.



I

CFG: Rightmost Derivations (2)

Expr - Expr + Term| Term
Term — Term « Factor | Factor
Factor - (Expr) |a

o Unique RMD for the string (a + a) * a:
Expr = Term

= Term « Factor

= Term x a

= Factor ~ a

= ( Expr ) = a

= ( Expr + Term ) x a
= ( Expr + Factor ) ~ a
= ( Expr + a) x a
= (Term + a ) * a
= ( Factor + a ) * a
= (a+a) * a

o This RMD suggests that (a + a) is the left operand of «.



CFG: Parse Trees vs. Derivations (1)

I

o Parse trees for (leftmost & rightmost) derivations of expressions:

* *
a+a*a I (a+a)*a
Expr
|
Term
7
Term * Factor
I I
Factor a
Expr / | \
| (- Expr )
E / + \T / | \
Xpr erm Expr + Term
[ N \ [
Term Term Factor Term Factor
\ \ \ \ \
Factor Factor a Factor a
a a a

o Orders in which derivations are performed are not reflected on

parse trees.



CFG: Parse Trees vs. Derivations (2) S

e A string w € ¥* may have more than one derivations.
Q: distinct derivations for w € ¥* = distinct parse trees for w?
A: Not in general -~ Derivations with distinct orders of variable
substitutions may still result in the same parse tree.

e For example:

Expr - Expr + Term| Term
Term — Term » Factor | Factor
Factor — (Expr) |a

Forstringa + a  a,the LMD and RMD have distinct
orders of variable substitutions, but their corresponding parse
trees are the same.

v/ ords
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CFG: Ambiguity: Definition LASSONDE

Given a grammar G=(V, %, R, S):
o Astring w e X* is derived ambiguously in G if there exist
two or more distinct parse trees or, equally,

two or more distinct LMDs or, equally,
two or more distinct RMDs.

We require that all such derivations are completed by following a
consisten order (leftmost or rightmost) to avoid false positive.

o Gis ambiguous if it generates some string ambiguously.

e orun
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CFG: Ambiguity: Exercise (1)

e |s the following grammar ambiguous ?
Expr — Expr + Expr|Expr = Expr| ( Expr ) | a

e Yes --it generates the stringa + a ~ a ambiguously :

Expr Expr
Expr * Expr Expr + Expr
| \ | | / |
Expr + Expr a a Expr * Expr
I I \ l
a a a a

e Distinct ASTs (for the same input) imply distinct semantic
interpretations: e.g., a pre-order traversal for evaluation

o Exercise: Show LMDs for the two parse trees.
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CFG: Ambiguity: Exercise (2.1) LASSONDE

e |s the following grammar ambiguous ?

Statement — if Expr then Statement
| if Expr then Statement else Statement
|  Assignment
* Yes - it derives the following string ambiguously :

if Expry then if EXpr, tnen Assignment; else Assignment,

Statement Statement
if Expry then Statement if Expry then Statement else Statement
if Expr, then Statement else Statement if  Exprp then Statement  Assignment,
Assignment, Assignment, Assignment,

e This is called the dangling else problem.

e Exercise: Show LMDs for the two parse trees.
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CFG: Ambiguity: Exercise (2.2) LASSONDE

(Meaning 1) Assignment, may be associated with the inner i f:

Statement
if Expry then Statement

if Expr, then Statement else Statement

Assignment, Assignment,

(Meaning 2) Assignment, may be associated with the outer i f:

Statement
if Expry then Statement else Statement

|

if  Expr, then Statement  Assignment,

Assignment,
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CFG: Ambiguity: Exercise (2.3) LASSONDE

* We may remove the ambiguity by specifying that the
dangling else is associated with the nearest if:

Statement — if Expr then Statement
| if Expr then WithElse else Statement
|  Assignment

WithElse  — if Expr then WithElse else WithElse
|

Assignment

e When applying [if ... then WithElse clsec Statement |:

o The true branch will be produced via WithElse.
o The false branch will be produced via Statement.

There is no circularity between the two non-terminals.

32 o198
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Discovering Derivations LASSONDE

e GivenaCFG G=(V, X, R, S) and an input program pe ¥*:
o So far we manually come up a valid derivation s.t. S = p.
o A parser is supposed to automate this derivation process.

. m: A sequence of (f, c) pairs, where each token t (e.g., r241)
belongs to a syniactic category c (e.g., register); and a CFG G.
. : A valid derivation (as an AST); or A parse error.
¢ In the process of constructing an AST for the input program:
o Root of AST: The start symbol S of G
o Internal nodes: A subset of variables V of G
o Leaves of AST: A token/terminal sequence
= Discovering the grammatical connections (w.r.t. R of G) between the
root, internal nodes, and leaves is the hard part!
* Approaches to Parsing: [we(Vux)*, AeV, €R]
o Top-down parsing
For a node representing A, extend it with a subtree representing w.

o Bottom-up parsing
. Forasubstring matching w, build a node representing A accordingly.
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TDP: Discovering Leftmost Derivation

ALGORITHM: TDParse
INPUT: cFG G=(V, ¥, R, S)
OUTPUT: Root of a Parse Tree or Syntax Error

PROCEDURE :
root := a new node for the start symbol S
focus := root

initialize an empty stack trace
trace.push (null)
word := NextWord()
while (true):
if focuse V then
if 3J unvisited rule focus — B1Bs...Bn € R then
create B1,B2...08n as children of focus
trace.push (8nBp_1 - - - B2)
focus := B4
else
if focus = S then report syntax error
else backtrack
elseif word matches focus then
word := NextWord()
focus := trace.pop ()
elseif word = EOF A focus = null then return root
else backtrack

backtrack = pop focus.siblings; focus := focus.parent; focus.resetChildren




TDP: Exercise (1)

¢ Given the following CFG G:

Expr — Expr + Term
| Term

Term — Term »« Factor
| Factor

Factor — (Expr)
| a

Trace TDParse on how to build an AST forinputa + a * a.
e Running TDParse with G results an infinite loop !!!

o TDParse focuses on the leftmost non-terminal.
o The grammar G contains left-recursions.

e We must first convert left-recursions in G to right-recursions.
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TDP: Exercise (2)

» Given the following CFG G:

Expr
Expr’

- Term Expr’
- + Term Expr
| e
Term - Factor Term'
Term’ - « Factor Term'
| e
- (Expr)
| a
Exercise. Trace TDParse on building AST fora + a = a.
Exercise. Trace TDParse on building AST for (a + a) * a.
Q: How to handle e-productions (e.g., Expr — €)?
A: Execute focus := frace.pop () to advance to next node.
e Running TDParse will terminate -- G is right-recursive.
¢ We will learn about a systematic approach to converting

left-recursions in a given grammar to right-recursions.

Factor



Left-Recursions (LR): Direct vs. Indirect

GivenCFG G=(V, X, R, S), a,8,7v¢(VuX)*, Gcontains:
o A cycle if JAcV o« A A
o Adirect LR if A— Aa € R for non-terminal Ae V

e.g., e.g.,
Expr - Expr + Term Expr — Expr + Term
| Term |  Expr - Term
Term - Term = Factor | Term
|  Factor Term — Term x Factor
Factor —  (Expr) | Term / Factor
| |

a

Factor

o An indirect LR if A - Bf € R for non-terminals A,Be V, B = Ay

A - Br
B - Cd
C - At

A
B
Cc
D

A - Br,B= Atd

3201498

—

—
—
—

Ba
Cd
Df

f

| b
| e
| g

| Aa | Cg

A - Ba,B = Aafd



TDP: (Preventively) Eliminating LRs

I

©CoONOOORAWN =

o L9 to L12: Remove indirect left-recursions from A; to A;_1.
o L13 to L14: Remove direct left-recursions from A; to A;_1.
o Loop Invariant (outer for-loop)? At the start of i iteration:

ALGORITHM: RemoveLR

INPUT: CFG G=(V, £, R, S)

ASSUME: G has no e-productions

OUTPUT: G s.t. G'=G, G has no

indirect & direct left-recursions

PROCEDURE :

impose an order on V: ((A1,Aqs,...,An))

for i: 1 .. n:

for j: 1 .. i-1:

if 3 A,'—>Aj’y€R AN A}—>51 ‘52“6/176:‘? then
replace Aj — Ay with A;j— 17y |d2y|...|0my
end

for A - Aia|BeR:
replace it with: A;— A}, Al = oA |e

e No direct or indirect left-recursions for Ai, Az, ..., Ai_1.
e More precisely: Vj:j<i e =(Ikek<jrAj - Ac---€R)

35 o148
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CFG: Ellmlnatlng e-Productions (1) LASSONDE

¢ Motivations:

o TDParse handles each e-production as a special case.

o RemoveLR produces CFG which may contain e-productions.
e¢L=3CFG G=(V, &, R, S) s.t. G has no e-productions.

An e-production has the form A — e.

A variable A is nullable if A= e.
o Each terminal symbol is not nullable.
o Variable A is nullable if either:

e A—>cecR;or

e A— BiB,...Bx ¢ R, where each variable B; (1 < i < k) is a nullable.
Given a production B — CAD, if only variable A is nullable,
then there are 2 versions of B: B - CAD | CD
In general, given a production A — X1 Xz ... Xy with k symbols, if
m of the k symbols are nullable:
o m< k: There are 2™ versions of A.

o m=k: There are 2™ — 1 versions of A. [ excluding A — €]
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CFG: Ellmlnatlng e-Productions (2) LASSONDE

e Eliminate e-productions from the following grammar:

S - AB
A - ahAle
B — bBB]|e

¢ Which are the nullable variables? [S, A, B]

S - A|B|AB {S-¢ not included}
A — aAAlaAla {A- aA duplicated}
B - bBB|bB|b {B-bB duplicated}

afl ot U



Backtrack-Free Parsing (1) LASSONDE
o TDParse automates the top-down, leftmost derivation process
by consistently choosing production rules (e.g., in order of their
appearance in CFG).
o This inflexibility may lead to inefficient runtime performance due to
the need to backtrack .
e e.g., It may take the construction of a giant subtree to find out a
mismatch with the input tokens, which end up requiring it to
backtrack all the way back to the roof (start symbol).
o We may avoid backtracking with a modification to the parser:
e When deciding which production rule to choose, consider:
(1) the current input symbol
(2) the consequential first symbol if a rule was applied for focus
[ lookahead symbol ]
e Using a one symbol lookhead, w.r.t. a right-recursive CFG, each
alternative for the leftmost nonterminal leads to a unique terminal,
allowing the parser to decide on a choice that prevents backtracking .
o Such CFG is backtrack free with the lookhead of one symbol.
¢ We also call such backtrack-free CFG a predictive grammar.

di ot un
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The FIRST Set: Definition

e Say we write Tc P(X*) to denote the set of valid tokens
recognizable by the scanner.

e FIRST («) = set of symbols that can appear as the first word
in some string derived from «.

* More precisely:

FIRST(0) {a} ifaeT
o) =
(wlwes*ra=>wBaBe(Vux)} ifaeV

dJ ot un



The FIRST Set: Examples
 Consider this right-recursive CFG:

0 Goal — Expr 6 Term’ — X Factor Term’

1 Expr — TermExpr’ 7 | = Factor Term’

2 Expr' — + Term Expr’ 8 | €

3 | - Term Expr’ 9 Factor — ( Expr )

4 | € 10 | num

5 Term —  Factor Term’ 11 | name

e Compute FIRST for each terminal (e.g., num, +, ():

num name + - X + () eof e

FIRST num name + - x = () eof e

e Compute FIRST for each non-terminal (e.g., Expr, Term'):

Expr Expr’ Term Term’ Factor

FIRST (, name,num +, -,€ (,name,num x,=<,e (,name, num
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Computing the FIRST Set
{{a} ifaeT
FIRST(a) = .
Wlwes* ra=wBArBe(VUD)*} ifaecV

ALGORITHM: GetFirst
INPUT: CFG G=(V, £, R, S)
TcXY* denotes valid terminals
OUTPUT: FirsT: VU TuU{¢eof} — P(Tu{e, eof})
PROCEDURE :
for ae(Tu{eof,e}): First(a) := {a}
for AeV: FirsT(A) := &
lastFirst := @
while (/astFirst #+ FIRST) :
lastFirst := FIRrsT
for A—B1f2...0keR s.t. VBj:Bje(TuV):
rhs := FirsT(f1) - {€}

for(i := 1; ecFirsT(B))Ai<K; i++):
rhs := rhsU(FIrsT(Biy1) - {€})

if i=kAeeFIrsT(fg) then
rhs := rhsuU{e}

end

FIrsT(A) := FirsT(A)Urhs

da ot b
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Computing the FIRST Set: Extension

¢ Recall: FIRST takes as input a token or a variable.
[FIRST: VU T U {¢,e0f} — P(T u{c,e0f})|

e The computation of variable rhs in algoritm GetFirst actually
suggests an extended, overloaded version:

[FIRST:(V U T U {c, e0f})"— P(T u{e, e0f}) |
FIRST may also take as input a string 5152 ... 5, (RHS of rules).

* More precisely:
FIRST(S162...8n) =

Vi:1<i<keeceFIRST(S;
A
e ¢ FIRST(B)

FIRST(31) UFIRST(32) U--- UFIRST(Bk_1) U FIRST(B%)

Note. 5y is the first symbol whose FIRST set does not contain e.

as ot un
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Extended FIRST Set: Examples

Consider this right-recursive CFG:

0
1
2
3
4
5

Goal —
Expr —
Expr' —
|
|

Term —

Expr

Term Expr’

+ Term Expr’
- Term Expr’
€

Factor Term’

6 Term’ — X Factor Term’

7 |+ Factor Term’
8 | €
9 Factor — ( Expr )

10 | num

11 | name

e.g., FIRST(Term Expr’) = FIRST(Term) ={ (,name, num}
e.g., FIRST(+ Term Expr’) = FIRST(+) = {+}
e.g., FIRST(- Term Expr’) = FIRST(-) = {-}
e.g., FIRST(¢) = {¢}

db ot un
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Is the FIRST Set Sufficient

e Consider the following three productions:

Expr' - + Term Term’ (1)
| - Term Term' (2)
| € (3)

In TDP, when the parser attempts to expand an Expr’ node, it
looks ahead with one symbol to decide on the choice of rule:
FIRST(+) = {+}, FIRST(-) = {-}, and FIRST(¢) = {¢}.
Q. When to choose rule (3) (causing focus := trace.pop())?
A?. Choose rule (3) when focus # FIRST(+) A focus + FIRST(-)?
o Correct but inefficient in case of illegal input string: syntax error is
only reported after possibly a long series of backirack.
o Useful if parser knows which words can appear, after an application of
the e-production (rule (3)), as leadling symbols.
e FoLLow (v: V) = set of symbols that can appear to the
immediate right of a string derived from v.

FOLLOW(V) = {W| W, X,y e T* AV = XA S = xwy}
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The FoLLoOw Set: Examples LASSONDE

e Consider this right-recursive CFG:

0 Goal — Expr 6 Term’ — X Factor Term'
1 Expr — Term Expr' 7 |+ Factor Term’
2 Expr' — + Term Expr' 8 | €

3 | - Term Expr’ 9 Factor — ( Expr )

4 | € 10 | num

5 Term —  Factor Term’ 11 | name

e Compute FoLLow for each non-terminal (e.g., Expr, Term'):

Expr Expr’ Term Term’ Factor

FOLLOW eof,) eof,) eof,+,-,) eof,+,-,) eof,+,-,x,+,)

a8 ot un



-
—

Computing the FoLLow Set

’FOLLow(v): {w| W,x,ye):*/\v:iX/\S=*>xwy}‘

ALGORITHM: GetFollow
INPUT: CFG G=(V, X, R, S)
OUTPUT: Forrow:V — P(T u{eof})
PROCEDURE :
for AeV: Forrow(A) := @
ForLow(S) := {eof}
lastFollow := @
while (/astFollow # FoLvLow) :
lastFollow := FoLrLow
for A— B1B2...8k € R:
trailer := FoLLow(A)
for i: k .. 1:
if BjeV then
Forrow(B;) := Forrow(f;)Utrailer
if eeFIrsT(f))
then trailer := traileru (First(f;)—c¢€)
else trailer := FIrstT([3;)
else
trailer := FIrsT(f;)

a9 ot U
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Backtrack-Free Grammar

e A backtrack-free grammar (for a top-down parser), when
expanding the focus internal node, is always able to choose
a unique rule with the one-symbol lookahead (or report a
syntax error when no rule applies).

¢ To formulate this, we first define:

FIRST(/3) if ¢ ¢ FIRST(3)
FIRST(S) u FOLLOW(A) otherwise

START(A- f3) = {

FIRST() is the extended version where 5 may be $162...5n
* A backtrack-free grammar has each of its productions
A=y |72 |...|vn satisfying:

Vi,j:1<i,j<nAi#jeSTART(y;) N START(y)) = &

ol ordp
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TDP: Lookahead with One Symbol

\n,

ALGORITHM: TDParse
INPUT: cFG G=(V, £, R, S)
OUTPUT: Root of a Parse Tree or Syntax Error
PROCEDURE :
root := a new node for the start symbol S
focus := root
initialize an empty stack frace
trace.push (null)
word := NextWord()
while (true):
if focuse V then
\ if 3Junvisited rule focus — B1B2...B8n€ R A word € Starr(8) then

create f(1,B2...8n as children of focus

trace.push (Bpfp-1 - .- B2)
focus := B4
else

if focus = S then report syntax error
else backtrack
elseif word matches focus then
word := NextWord()
focus := trace.pop ()
elseif word = EOF A focus = null then return root
else backtrack

backtrack = pop focus.siblings; focus := focus.parent; focus.resetChildren
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Backtrack-Free Grammar: Exercise

Is the following CFG backtrack free?

11 Factor —  name

12 | name [ ArgList]

13 | name (ArgList)

15 ArgList —  Expr MoreArgs

16 MoreArgs — , Expr MoreArgs

17 | €
o ¢ ¢ FIRST(Factor) = START(Factor) = FIRST(Factor)
o FIRST(Factor - name) = {name}
o FIRST(Factor - name [ArglList]) = {name}
o FIRST(Factor - name (Arglist)) = {name}

.. The above grammar is not backtrack free.
= To expand an AST node of Factor, with a lookahead of name,
the parser has no basis to choose among rules 11, 12, and 13.



Backtrack-Free Grammar: Left-Factoring  |ssono:

e A CFG is not backtrack free if there exists a common prefix
(name) among the RHS of multiple production rules.

* To make such a CFG backtrack-free, we may transform it
using left factoring : a process of extracting and isolating
common prefixes in a set of production rules.

o |ldentify |a common prefix «:

A-api|afe|...laBalyi 2] . |y
[ each of 4,2, ...,~; does not begin with « ]

° that production rule as:

A - aBly|7l|...|v
B — B1|B2|...|68n

o Newrule B— 31| 32| ... |5, may also contain common prefixes.
o Rewriting | continues | until no common prefixes are identified.
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Left-Factoring: Exercise

» Use left-factoring to remove all common prefixes from the
following grammar.

11  Factor
12
13

—  name
|
|
15 ArgList —  Expr MoreArgs
—
|

name [ ArgList ]
name ( ArgList )

16 MoreArgs , Expr MoreArgs

17 €

¢ |dentify common prefix name and rewrite rules 11, 12, and 13:

Factor — name Arguments
Arguments — [ ArglList ]
| ( ArgList )
| e
Any more common prefixes? [No]

b4 ot ub
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TDP: Terminating and Backtrack-Free

e Given an arbitrary CFG as input to a top-down parser :
o Q. How do we avoid a non-terminating parsing process?
A. Convert left-recursions to right-recursion.
o Q. How do we minimize the need of backtracking?
A. left-factoring & one-symbol lookahead using START
e Not every context-free language has a corresponding
backtrack-free context-free grammar.
Given a CFL /, the following is undecidable:

’ Jefg | L(cfg) = | A isBacktrackFree(cfg) ‘
e GivenaCFGg=(V, ¥, R, S), whether or not g is
backtrack-free is decidable:
Foreach A— |72 |... |7 € R:

Vi,j:1<i,j<nniz+jeSTART(y;) N START(y;) =@

bh.orub



Backtrack-Free Parsing (2.1) ¥

e A recursive-descent parser is:
o A top-down parser
o Structured as a set of mutually recursive procedures
Each procedure corresponds to a non-terminal in the grammar.
See an
e Given a backtrack-free grammar, a tool (a.k.a.
parser generator ) can automatically generate:
o FIRST, FoLLOW, and START sets
o An efficient recursive-descent parser
This generated parser is called an LL(1) parser , which:

e Processes input from Left to right
e Constructs a Leftmost derivation
¢ Uses a lookahead of 1 symbol

e LL(1) grammars are those workinginan LL(7) scheme.

LL(1) grammars are backtrack-free by definition.



Backtrack-Free Parsing (2.2)

I

e Consider this CFG with START sets of the RHSs:

Production

2 Expr' — + Term Expr’
3 | - Term Expr’
4 | €

FIRST'

{+}
{-}
{e,eof,)}

e The corresponding recursive-descent parser is structured as:

b 0orub

ExprPrim()
if word = + v word = - then /+ Rules 2, 3 =/
word := NextWord()
if(Term())

then return ExprPrim()
else return false
elseif word = ) v word = eof then /+ Rule 4 »/
return true
else
report a syntax error
return false
end

Term()

See: parser generaio
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LL(1) Parser: Exercise LASSONDE

Consider the following grammar:

L - R a R — aba Q - bbc
| Q ba | caba | bc
| R bc

Q. Is it suitable for a fop-down predictive parser?

o If so, show that it satisfies the LL(7) condition.

o If not, identify the problem(s) and correct it (them). Also show that
the revised grammar satisfies the LL(7) condition.

b8 orub



BUP: Discovering Rightmost Derivation

* In TDP, we build the start variable as the root node, and then
work towards the leaves. [ leftmost derivation ]
¢ In Bottom-Up Parsing (BUP):
o Words (terminals) are still returned from left to right by the
scanner.
o As terminals, or a mix of terminals and variables, are identified as
reducible to some variable A (i.e., matching the RHS of some

production rule for A), then a layer is added.
o Eventually:

e accept:

The start variable is reduced and all words have been consumed.
e reject:

The next word is not eof, but no further reduction can be identified.
Q. Why can BUP find the rightmost derivation (RMD), if any?

A. BUP discovers steps in a RMD in its reverse order.
e



BUP: Discovering Rightmost Derivation (1) |

e fable-driven LR(1) parser: an implementation for BUP, which
o Processes input from Left to right
o Constructs a Rightmost derivation
o Uses a lookahead of 1 symbol
* Alanguage has the LR(1) property if it:
o Can be parsed in a single Left to right scan,
o To build a reversed Rightmost derivation,
o Using a lookahead of 1 symbol to determine parsing actions.

o Critical step in a bottom-up parser is to find the next handle .

pll ot uH
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BUP: Discovering Rightmost Derivation (2) |.ssonoe

ALGORITHM: BUParse
INPUT: CFG G=(V, ¥, R, S), Action & Goto Tables
OUTPUT: Report Parse Success or Syntax Error
PROCEDURE :
initialize an empty stack trace
trace.push(0) /+ start state =/

word := Nextlord()
while (true)
state := trace.top ()
act := Action|state, word]
if act = ‘‘accept’’ then
succeed ()
elseif act = ‘‘reduce based on A— B’’ then
trace.pop () 2x|B| times /* word + state x/
state := trace.top()
trace. push (A)
next := Goto[state, A]

trace. push (next)
elseif act = “‘shift to §;’’ then
trace . push (word)
trace. push (i)
word := NextWord()
else
fail()




BUP: Example Tracing (1) LASSONDE

I

o Consider the following grammar for parentheses:

1 Goal — List
2 List — List Pair
3 | Pair
4 Pair — ( Pair )

5 o)

o Assume: tables Action and Goto constructed accordingly:

State eof

o

r5
r4

VWO NOU A WN =

- o

¢

s3
s3
r3
s6
r2

56
rs
r4

Action Table

)

s7

s8
s10

s 11
r5
r4

Goto Table

List

1

Pair

2
4

5

b2 ot un

In Action table:
e s;: shift to state /
 r;: reduce to the LHS of production #j



BUP: Example Tracing (2.1)

et ae o

Consider the steps of performing BUP on input | () |:

initial

1

v b W N

- N N W O

Iteration State word

L

{

)
eof
eof
eof

Stack Handle
$0 — none —
$0 — none —
$0C(3 — none —
$0(3)7 )
$ 0 Pair 2 Pair
$ 0 List 1 List

Action

shift 3
shift 7
reduce 5
reduce 3
accept

piotun




BUP: Example Tracing (2.2) LASSONDE

Consider the steps of performing BUP on input| ( ()) () [:

Iteration State word Stack Handle Action
initial — C $0 — none — —

1 0 ( $0 — none —  shift 3

2 3 ( $0C3 — none —  shift 6

3 6 ) $0(3(6 — none —  shift 10

4 10 ) $0(3(6) 10 ) reduce 5

5 5 ) $0 (3 Pair 5 — none —  shift 8

6 8 ( $0 (3 Pair5)8 ( Pair) reduce4

7 2 ( $ 0 Pair 2 Pair reduce 3

8 1 C $ 0 List 1 — none —  shift 3

9 3 ) $ 0 List 1 (3 — none —  shift 7

10 7 eof $O0List1 (3)7 ) reduce 5

1 4 eof $ 0 List 1 Pair 4 List Pair ~ reduce 2

12 1 eof $ 0 List 1 List accept




BUP: Example Tracing (2.3)

Consider the steps of performing BUP on input| ()) |

Iteration State word Stack Handle  Action
initial — C $o — none — —
1 0  $o0 — none —  shift 3
2 3 ) $0C3 — none —  shift 7
3 7 ) $0(3)7 —none— error

b ot Ul



LR(1) ltems: Definition LASSONDE

e In LR(1) parsing, Action and Goto tabeles encode legitimate
ways (w.r.t. a CFG) for finding handles (for reductions).

¢ In a table-driven LR(1) parser, the table-construction algorithm
represents each potential handle (for a reduction) with an

LR(1) item e.g.,
[A—> Bey, a]
where:

o A production rule is currently being applied.
o A terminal symbol | a | servers as a lookahead symbol.
o A placeholder [« ]indicates the parser’s stack top.
v" The parser’s stack contains 3 (“left context”).
v~ ~yis yet to be matched.
¢ Upon matching g, if a matches the current word, then we “replace”
B~ (and their associated states) with A (and its associated state).

bb ot un
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LR(1) Items: Scenarios
An LR(1) item can denote:
1. POSSIBILITY [A— ey, a]

o In the current parsing context, an A would be valid.

o e represents the position of the parser’s stack top

o Recognizing a 8 next would be one step towards discovering an A.
2. PARTIAL COMPLETION [A—> ey, a]

o The parser has progressed from [A — o3y, a] by recognizing £.
o Recognizing a v next would be one step towards discovering an A.
3. COMPLETION [A— Brye, a]
o Parser has progressed from [A — e, a] by recognizing 3.
o f~ found in a context where an A followed by a would be valid.
o If the current input word matches a, then:
o Current complet itemis a handle .
o Parser can reduce g~ to A

o Accordingly, in the stack, 5~ (and their associated states) are
replaced with A (and its associated state).

. otun
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LR(1) Items: Example (1.1) LASSONDE

Consider the following grammar for parentheses:

Goal — List

I C

1

2 List — List Pair
3 | Pair

4 Pair — ( Pair
5

)

)

Initial State: [Goal — eList, eof]
Desired Final State: [ Goal — Liste, eof]
Intermediate States: Subset Construction

Q. Derive all LR(1) items for the above grammar.
o FoLLow(List) = {eof, (} FoLLOW(Pair) = {eof, (,) }
o For each production A — 3, given FOLLOW(A), LR(1) items are:

{
{

{[A— (v, a]|ac FOLLOW(A) }
[A—> e, a]|acFoLLOW(A) }

[A— Bvye, a]| ac FOLLOW(A) }

a8 ot U
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LR(1) Items: Example (1.2)

Q. Given production A - 3 (e.g., Pair - ( Pair )), how many

LR(1) items can be generated?
o The current parsing progress (on matching the RHS) can be:

1. o( Pair )
2. ( ePair )
3. ( Paire )
4. ( Pair )e

o Lookahead symbol following Pair? =~ FOLLOW(Pair) = {eof, (,) }
o All possible LR(1) items related to Pair - ( Pair )?

V' [e( Pair ), ecf] [e( Pair ), (] [e( Pa/r )]
V [( ePair ), eof] [( ePair ), (] [( ePair ), )]
V' [( Paire ), eof] [( Paire ), (] [( Paire ,)]
V' [( Pair )e, eof] [( Pair )e, (] [( Pair )e, )]

A. How many in general (in terms of A and 3)?
18] + 1 x |FoLLOW(A)|

—— ————
possible positions of e possible lookahead symbols

pY ot U
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LR(1) Items: Example (1.3) LASSONDE

A. There are 33 LR(1) items in the parentheses grammar.

[Goal — e List,eof]
[Goal — List e,e0f]

[List — e List Pair,eof] [List — e List Pair,( ]
[List — List ® Pair,e0f]  [List — List e Pair,( ]
[List — List Paire,eof] [List— List Paire,(]
[List — e Pair,eof ] [List — o Pair,( ]
[List — Pair e,e0f | [List — Paire,( ]

[Pair — o ( Pair ),eof ] [Pair— e ( Pair),)]  [Pair — e ( Pair),(]
[Pair — ( e Pair ),eof ] [Pair— (e Pair),)]  [Pair— (e Pair),(]
[Pair — ( Paire ),eof ] [Pair— (Paire),)]  [Pair— ( Paire),(]
[Pair — ( Pair ) e,e0f ] [Pair— (Pair)e,)]  [Pair — ( Pair) e,(]
[Pair — o ( ),eof] [Pair — o ( ),(] [Pair — o ( ),)]
[Pair — (o ),e0f] [Pair — (o ),(] [Pair — (o ),)]
[Pair — () e,e0f] [Pair — () e,(] [Pair— ( ) e,)]

0 o1 db
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LR(1) ltems: Example (2) LASSONDE
Consider the following grammar for expressions:
0 Goal — Expr 6 Term’ — X Factor Term’
1 Expr — Term Expr’' 7 |+ Factor Term’
2 Expr' — + Term Expr' 8 | €
3 | - Term Expr’ 9 Factor — ( Expr )
4 | € 10 | num
5 Term —  Factor Term’ 11 | name

Q. Derive all LR(1) items for the above grammar.
Hints. First compute FoLLOW for each non-terminal:

Expr Expr’ Term Term’ Factor

FOLLOW eof,) eof,) eof,+,-,) eof,+,-,) eof,+,-,x,+,)

Tips. Ignore ¢ production such as Expr’ — ¢

since the FOLLOW sets already take them into consideration.
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Canonical Collection (CC) vs. LR(1) items  |assonoe

1 Goal — List Recall:
Q) List — List Pair LR(1) Items: 33 items
3 | Pair
4 Pair — ( pair ) | [nitial State: [Goal — eList, eof]
5 1 C) Desired Final State: [ Goal — Liste, eof]
o The canonical collection [ Example of ¢d]

CC = {ccy, ccy,CCo, ..., CCn}
denotes the set of valid subset states of a LR(1) parser.
e EachccieCC (0<i<n)isasetof LR(1) items.
e CC c P(LR(1) items) lcc|? [ |cc| < 2IFR) itemsi |
o To model a LR(1) parser, we use techniques analogous to how an
e-NFA is converted into a DFA (subset construction and e-closure).
o Analogies.
v LR(1) items =~ states of source NFA

v' CC »~ subset states of target DFA




Constructing CC: The closure Procedure (1)

I

1 | ALGORITHM: closure
2 INPUT: CFG G=(V, £, R, S), a set s of LR(1) items
3 OUTPUT: a set of LR(1) items
4 | PROCEDURE :
5 lastS := @
6 while (lastS + s) :
7 lastS := s
8 for [A—---e C 6, a]es:
9 for € —-~veR:
10 for b eFirst(da):
11 s:=su{[C —ey, b]}
12 return S
o Line8:[A—---e C 4, a] ¢ sindicates that the parser’s next task is to match C ¢

with a lookahead symbol a.
o Line 9: Given: matching ~ can reduce to C
o Line 10: Given: b € FIRST(da) is a valid lookahead symbol after reducing v to C

o Line 11: Add anew item [ C — e, b]into s.
o Line 6: Termination is guaranteed.

- Each iteration adds > 1 item to s (otherwise /astS + s is false).

301498



1 Goal — List

2 List — List Pair

3 | Pair Initial State: [Goal — eList, eof]
4 Pair — ( Pair )

5

)

Calculate ccy = closure({ [Goal — eList, eof] }).

4 ot ub
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Constructing CC: The goto Procedure (1) LASSONDE

ALGORITHM: goto
INPUT: a set S of LR(1) items, a symbol X
OUTPUT: a set of LR(1) items
PROCEDURE :
moved := &
for iteme s:
if jtem=[a — S ex5, a] then
moved := movedU{ [a— Bxed, a] }
end
return closure(moved)

COWON®UAWN =

Line 7: Given: item [a — 3 e X4, a] (where x is the next to match)
Line 8: Add [« —~ 8x e ¢, a] (indicating x is matched) to moved
Line 10: Calculate and return closure(moved) as the “next
subset state” from s with a “transition” x.

5. 01498
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Constructing CC: The goto Procedure (2) LASSONDE

1 Goal — List

2 List — List Pair [Goal — e List, eof] [List— e List Pair, eof]  [List— e List Pair, (]

3 | Pair CCo = { [List — e Pair, eof] [List — e Pair, (] [Pair — e ( Pair ), eof]
4 Pair — ( Pair ) [Pair — e ( Pair ),(] [Pair — e ( ), eof] [Pair — e ( ),(]

5 )

Calculate goto(ccy, (). [“next state” from ccy taking (]

/b orub
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Constructing CC: The Algorithm (1) LASSONDE

™

ALGORITHM: BuildCC
INPUT: a grammar G=(V, ¥, R, S), goal production S— S’
OUTPUT:
(1) a set CC={ccy,ccq,...,CCn} where cc;i < G's LR(1) items
(2) a transition function
PROCEDURE :
ccy := closure({[S — eS’, eofl})
CC := {ccy}
processed := {ccy}
10 lastCC := &

O©CoONOOOA~WN =

1 while (lastCC + CC) :

12 lastCC := CC

13 for cc; s.t. ccje CC Accj ¢ processed :
14 processed := processed U {cc;}

15 for x s.t. [-+—>---ex...]ecc

16 temp := goto(cc;, x)

17 if temp ¢ CC then

18 CC := CCu {temp}

19 end

20 6 := du(cc, x, temp)

ZZorus
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Constructing CC: The Algorithm (2.1)

Goal — List

List — List Pair
| Pair

Pair — ( Pair )

P C)

wn AW N

e Calculate CC = {ccy, ccy, ..., cC11}
e Calculate the transition function § : CC x (X u V) - CC

8. orub
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Constructing CC: The Algorithm (2.2) LASSONDE

Resulting transition table:

Iteration Item Goal List Pair ( ) eof
0 CCo %) CC; CCp CC3 [%) [
1 cCy /] @ ccy ccz B ]

CCy 9 ) 1% 7 % %
CC3 ) @ ccs ccg CC7 @
2 CCy ] 0 ] ] 1% %
CCs ] % 7] ] CCg ]
CCgq %) ] CC9 CCq CCpo [%)
CcCy @ ) 1% 0 % %
3 CCg 9 ) 1% 0 % %
CCq ] ] [ B ccyy [4)
CCjo ] ) 1% 7 % %
4 CCp1 (%) ] [ [ ] ]

29 o1 9b



Constructing CC: The Algorithm (2.3)

Resulting DFA for the parser:

Puir @ Pl
A

© @

LV(
F

Pair

Bl ot un
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Constructing CC: The Algorithm (2.4.1)

Resulting canonical collection CC: []

[Goal — e List, eof]  [List—  List Pair, e0f]  [List— e List Pair, (] [Goal — List e, c0f]  [List— List o Pair, [List — List o Pair, (]
cco = { [List — e Fair, eof] [List— o Pair, (] [Pair — e ( Pai ccy = { [Pair — o ( Pair ), eof]  [Pair — e ( Pair [Pair — e (), eof]
[Pair— e ( Pair ),(1 ~ [Pair— e (), eof] [Pair — [Pair — o (
CCy = [[Li_yz —> Pair e, e0f] [List — Pair e, (]} ey = |WPair = o CPair ), )] [Pair— (o Pair ), eof] - [Pair — ¢ ./uw
= 3T (Pair—e(),0] [Pair — (o), e0f] [Pair — (o).

ccy = {[Lisr—> List Pair o, c0f]  [List — List Pair-.g} ces = {[pa,r_> ( Paire ), eof] [Pair— ( Paire), }

P [Pair — e ( Pair ), )] [Pair — (e Pair ), )]
T rPair— e ().)] [Pair — (), )

ccr = {[Pair—> () e,eof] [Pair— ()e, (]

oy = {[Pair—> ( Pair) e, e0f] [Pair— ( Pair) e, g}

CCo = [[Pair—> ( Paire), }

CCIOZ{[P(U.F—> Ll‘,l]} CC11:{[Pair—> ( Pair) e,)]

Bl ot un



Constructing Action and Goto Tables (1)

I

O O O O

B2 ot un

©CoONOOOA~ WN =

ALGORITHM: BuildActionGotoTables
INPUT:
(1) a grammar G=(V, £, R, S)
(2) goal production S— 8’

(3) a canonical collection CC ={ccy,CCq,...

(4) a transition function 6:CCxX — CC
OUTPUT: Action Table & Goto Table
PROCEDURE:
for ccjeCC:
for item e cc;:
if jtem=[A— Bexvy, a]ad(cc,x) = CCj then

Action[i, x] := shift j
elseif jtem=[A— Be, a] then
Action[i, a] := reduce A— 3
elseif jtem=[S — S’e, eof] then
Action[i, eof] := accept
end
for veV:

if §(ccj, v)=cc then
Goto[i, v] = j
end

,CCn}

L12, 13: Next valid step in discovering A is to match terminal symbol x.
L14, 15: Having recognized g, if current word matches lookahead a, reduce S to A.
L16, 17: Accept if input exhausted and what’s recognized reducible to start var. S.

L20, 21: Record consequence of a reduction to non-terminal v from state i
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Constructing Action and Goto Tables (2)

Resulting Action and Goto tables:

Action Table Goto Table
State eof () List Pair
0 s3 1 2
1 acc s3 4
2 r3 r3
3 s6 s7 5
4 r2 r2
5 s8
6 s6 s10 9
7 r5 r5
8 r4 r4
9 s 11
10 r5
11 ré

B3iotun



BUP: Discovering Ambiguity (1)
1 Goal — Stmt
2 Stmt — if expr then Stmt
3 | if expr then Stmt else Stmt
4 | assign

e Calculate CC = {ccy, ccy, ..., }

¢ Calculate the transition function 6 : CC x ¥ — CC

B4 ot uH
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BUP: Discovering Ambiguity (2.1) LASSONDE

Resulting transition table:

Item Goal Stmt if expr then else assign eof
0 cco [ CcCp  CCy [ [ [ cC3 ]
1 ccy [} [ ? [ ] ] ] [
cc, ¥ ? 9§ ccy [/} [/} [/} ?
¢ [ [ ? [ ] ] ] [}
2 CCy [4] [4] [ [ CCs [ [ ]
3 CCs [4] CCq CC7 [4] [} [} CCg [4]
4 CCq [ [ [ [ (4] CCy (4} [
CcCy [4] [ [ CC1o (4} [} [} [4]
cCg [ [ [ [ ] ] ] [}
5 CCg [ cCpp  CCy [ [ 4 cCs3 [
CcCyo [ [ [ CCya [ [ ]
6 CCyj [} [ ? [ ] ] ] [}
CcCy2 [ cCj3  CCy [ [ [ cCg ]
7 CCi3 [4] [4] [4] [4] [} CClq [} [4]
8 ccy ¥ cCcys CCy [} (/] ] cCg [/}
9 cci;5 0 [ [ [ ] ] ] [}

B ot un
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BUP: Discovering Ambiguity (2.2.1) LASSONDE

Resulting canonical collection CC:

CcCy| = {[Goal—> Stmt o,eof]]

| 1Goal— e stmt, e0f] [Stmt— o if expr then Stmt,eof]

CCO= 1 (Stmt — o assign, eof | [Stmt— e if expr then Stmtelse Stmt,eof]

cor= [Stmt — w_f e expr then Stmt,eof], CC3 — [Stmt — ass1 gne eof]
[Stmt — if e expr then Stmt else Stmt,eof ]

[Stmt — if expr then e Stmt,eof],
[Stmt — if expr then e Stmtelse Stmt,eof],

. CCs = | [Stmt — o if expr then Stmt,{eof,else
e [Stmt — i expr e then Stmt,eof], s {gt:zt_) : dwg: (o eh':”( 1
= )
[Stmt — 1f expr e then Somtelse Smmt,eof] [Stmt — e if expr then Stmtelse Stmt,{eof,else}]
cco = [Stmt — 1 expr then Smmt e,eof], o= [Stmt — if e expr then Stmt,{eof,else}],
[Stmt — if expr then Stmt eelse Stmt,eof] 7= \[Stmt— i o expr then Smmt else Smmt,{eof,else}]
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I

Resulting canonical collection CC:

cCg = {[Stmt — assign e,{eof,else}]}

CCo

CCi2 =

cCiy =

_ J[Stmt— if expr e then Stmt,{eof,else}l],
" |[Stmt — if expr e then Stmtelse Stmt,{eof,else}]

[Stmt — if expr then e Stmt,{eof,else}],

[Stmt — if expr then e Stmtelse Stmt,{eof,else}],
[Stmt — e if expr then Stmt,{eof,else}],

[Stmt — e if expr then Stmtelse Stmt,{eof,else}],
[Stmt — eassign,{eof,else}]

[Stmt — if expr then Stmtelse e Stmt,{eof,else}],
[Stmt — o if expr then Stmt,{eof,else}],

[Stmt — e if expr then Stmtelse Stmt,{eof,else}],
[Stmt — e assign,{eof,else}]

|

[Stmt — if expr then Stmtelse e Stmt,eof],
[Stmt — e if expr then Stmt,eof],

CCy =
o [Stmt — e if expr then Smmtelse Stmt,eof],
[Stmt — e assign,eof]
cCyy = {[Stmt — if expr then Stmtelse Stmt e,e0f]}
- [Stmt — if expr then Stmr o ,{eof,else}],
B\ [Stmt— i expr then Stmt e else Stmt,{eof,else}]
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e Consider ccy3

CCia — [Stmt — if expr then Stmt e ,{eof,else}],
3= [Stmt — if expr then Stmt e else Stmt,{eof,else}]

Q. What does it mean if the current word to consume is else?
A. We can either shift (then expecting to match another Stmt) or
reduce to a Stmt.
Action[13, else] cannot hold shift and reduce simultaneously.
= This is known as the shift-reduce conflict .
¢ Consider another scenario:
[A = 7de, a], }

[B — ~de, a]

Q. What does it mean if the current word to consume is a?
A. We can either reduce to A or reduce to B.

Action[i, a] cannot hold A and B simultaneously.

= This is known as the reduce-reduce conflict .

CCj =
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