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• Many different parsing techniques

– Each can handle some set of CFGs

– Categorization of techniques

– Examples: LL(0), LR(1)

• Today: Building a LL(k) parser

– recursive descent

• implemented as mutually recursive procedures

• Structure of program = structure of grammar

Introduction
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LL(k) Approach

• Start with Start symbol

• Build a derivation

– If leftmost symbol is nonterminal, choose a 
production and apply it

– If leftmost symbol is terminal, match against 
input

– If all terminals match, done!

• Any other options in matching and parsing?
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• Many different parsing techniques
– Each can handle some set of CFGs

– Categorization of techniques 

( )

Terminology
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• Many different parsing techniques
– Each can handle some set of CFGs

– Categorization of techniques

– L - parse from left to right

– R - parse from right to left

( )

Terminology
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• Many different parsing techniques
– Each can handle some set of CFGs

– Categorization of techniques

– L - leftmost derivation

– R - rightmost derivation

( )

Terminology
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• Many different parsing techniques
– Each can handle some set of CFGs

– Categorization of techniques

– Number of lookahead characters

( )

Terminology
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Grammar for Parsing Example

Start → Expr

Expr → Expr + Term

Expr → Expr - Term

Expr → Term

Term → Term * Int

Term → Term / Int

Term → Int

• Set of tokens is 
{ +, -, *, /, Int },    
where Int = [0-9][0-9]*

– For convenience, may represent 
each Int n token by n
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Start

Parse 
Tree

Sentential Form

Remaining Input

2-2*2

Start

Current Position in Parse Tree

Parsing Example
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Applied Production

Start → Expr

Start

Parse 
Tree

Sentential Form

Remaining Input

2-2*2

Expr

Expr

Current Position in Parse Tree

Parsing Example
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Applied Production

Expr → Expr - Term

Parse 
Tree

Sentential Form

Remaining Input

2-2*2

Expr - Term

Start

Expr

TermExpr -

Parsing Example

Expr → Expr + Term

Expr → Expr - Term

Expr → Term
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Applied Production

Expr → Term

Start

Parse 
Tree

Sentential Form

Remaining Input

2-2*2

Term - Term

Expr

TermExpr -

Term

Parsing Example

Expr → Expr + Term

Expr → Expr - Term

Expr → Term
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Applied Production

Term → Int

Start

Parse 
Tree

Sentential Form

Remaining Input

2-2*2

Expr

TermExpr -

Term

Int

Int - Term

Parsing Example
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Start

Parse 
Tree

Sentential Form

Remaining Input

2-2*2

2 - Term

Expr

TermExpr -

Term

Match
Input 
Token!

Int 2

Parsing Example
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Start

Parse 
Tree

Sentential Form

Remaining Input

-2*2

2 - Term

Expr

TermExpr -

Term

Match
Input 
Token!

Int 2

Parsing Example
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Start

Parse 
Tree

Sentential Form

Remaining Input

-2*2

2 - Term

Expr

TermExpr -

Term

Match
Input 
Token!

Int 2

Parsing Example
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Start

Parse 
Tree

Sentential Form

Remaining Input

2*2

2 - Term

Expr

TermExpr -

Term

Match
Input 
Token!

Int 2

Parsing Example
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Start

Parse 
Tree

Sentential Form

Remaining Input

2*2

2 - Term

Expr

TermExpr -

Term

Int 2

Parsing Example
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Applied Production

Term → Term * Int

Start

Parse 
Tree

Sentential Form

Remaining Input

2*2

2 - Term*Int

Expr

TermExpr -

Term
Term Int*

Int 2

Parsing Example
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Applied Production

Term → Int

Start

Parse 
Tree

Sentential Form

Remaining Input

2*2

2 - Int * Int

Expr

TermExpr -

Term
Term Int*

Int 2
Int

Parsing Example
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Match
Input 
Token!

Start

Parse 
Tree

Sentential Form

Remaining Input

2*2

2 - 2* Int

Expr

TermExpr -

Term
Term Int*

Int 2
Int 2

Parsing Example
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Match
Input 
Token!

Start

Parse 
Tree

Sentential Form

Remaining Input

*2

2 - 2* Int

Expr

TermExpr -

Term
Term Int*

Int 2
Int 2

Parsing Example
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Match
Input 
Token!

Start

Parse 
Tree

Sentential Form

Remaining Input

*2

2 - 2* Int

Expr

TermExpr -

Term
Term Int*

Int 2
Int 2

Parsing Example
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Match
Input 
Token!

Start

Parse 
Tree

Sentential Form

Remaining Input

2

2 - 2* Int

Expr

TermExpr -

Term
Term Int*

Int 2
Int 2

Parsing Example
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Match
Input 
Token!

Start

Parse 
Tree

Sentential Form

Remaining Input

2

2 - 2* Int

Expr

TermExpr -

Term
Term Int*

Int 2
Int 2

Parsing Example
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Match
Input 
Token!

Start

Parse 
Tree

Sentential Form

Remaining Input

2 - 2* Int

Expr

TermExpr -

Term
Term Int*

Int 2
Int 2

Parsing Example
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Parsing Example

Start

Parse 
Tree

Sentential Form

Remaining Input

2 - 2*2

Expr

TermExpr -

Term
Term Int 2*

Int 2
Int 2

Parse
Complete!
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Shown by the Example

• Three Actions (Mechanisms)

– Select non-terminal

– Select production rule

– Apply match

• Preorder traversal of parse tree

– visit parents before children

– visit siblings from left to right

• What order is effected by a LR parser?
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General Rule Selection
• One Approach: Backtracking

– A search problem

– If one choice fails, try next alternative

– If all fails, back up one level

• Used a lot in classical AI and natural language 
processing (parsing, speech recognition)

• We are limited to linear-time solutions by
– Selecting the language and 

– Re-designing the grammar
• To address two problems shown next
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Problem 1: Left Recursion

• Example Production: Term → Term*Num

• Potential parsing steps:

Term

Num*Term

Term

Term

Num*Term

Term

Num*
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Eliminating Left Recursion
• Replacement productions

– A →A α A → β R R is a new nonterminal

– A → β R → α R

– R → ε

A

αA

αβ

Old Parse Tree A

β
R

α
R

α R

ε

New Parse Tree

Chen Ding 32 6.035 ©MIT Fall 2006

Converted Grammar

Original Grammar 
Fragment

Term → Term * Int

Term → Term / Int

Term → Int

New Grammar 
Fragment

Term → Int Term’

Term’ → * Int Term’

Term’ → / Int Term’

Term’ → ε
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Term

Int*

Term

Int*

Int

Term

Int Term’

Int* Term’

Int* Term’

ε

Syntax Tree vs. Parse Tree

Original Grammar New Grammar
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Single-Token Lookahead

• Assume Term’ is current position

• Three possible productions
Term’ → * Int Term’

Term’ → / Int Term’

Term’ → ε
• Use the next token to decide

– If *, apply Term’ → * Int Term’
– If  /, apply Term’ → / Int Term’
– Otherwise, apply Term’ → ε
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Recursive Descent Parser

• One procedure per nonterminal NT

– Productions NT → β1 , …, NT → βn

– Examines the next token T 

• If T∈First(βk), apply production k

• Return error if no valid choice

– How does it know the next token?

• Do you see any other problem?
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Boolean Term()

if (token = Int n) { token = NextToken(); return(TermPrime()) }

else return(false)

Boolean TermPrime()

if (token = *) {

token = NextToken();

if(token = Int n) { token = NextToken();  return(TermPrime()) }

else return(false)

} else if (token = /) {

token = NextToken();

if (token = Int n) { token = NextToken(); return(TermPrime()) }

else return(false)

} else return(true) 

Term → Int Term’
Term’ → * Int Term’
Term’ → / Int Term’
Term’ → ε
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Problem 2: Common Prefix

• Example Grammar

NT → if then

NT → if then else

– Multiple k such that T∈First(βk)

• How would you solve the problem?
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Left Factoring

• New Grammar Factors Common Prefix Into 
Single Production

NT → if then NT’

NT’ → else

NT’ → ε
• Does it always work?
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Problem 3: εεεε -Transitions 

• Productions with different nonterminals

NT → NT1 α1

NT → NT2 α 2

• What if NT1 or NT2  can be ε?
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Which NT May Derive εεεε

• Two conditions

–NT → ε, or
–NT → NT1 ... NTn and all NTi may derive ε

• Fixed-point solution

– Start with type 1

– Iterate until no new NT discovered

– What’s the asymptotic complexity?
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First(ββββ)

• T∈ First(β ) if T can appear as the first 
symbol in a derivation starting with β
1) T∈First(T )
2) First(S ) ⊆ First(S β)
3) NT derives ε implies First(β) ⊆ First(NT β)
4) NT → S β implies First(S β) ⊆ First(NT )

• Notations

– T is a terminal, NT is a nonterminal, S is a 
terminal or nonterminal, and β is a sequence 
of terminals or nonterminals
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The Example Grammar

Grammar

Term’ → * Int Term’

Term’ → / Int Term’

Term’ → ε

Request: What is First(Term’ )?

Constraints

First(* Num Term’ ) ⊆ First(Term’ )

First(/ Num Term’ ) ⊆ First(Term’ )

First(*) ⊆ First(* Num Term’ )

First(/) ⊆ First(/ Num Term’ )

*∈First(*)
/ ∈First(/)

Rules

1) T∈First(T )
2) First(S) ⊆ First(S β)
3) NT derives ε implies 

First(β) ⊆ First(NT β)
4) NT → S β implies 

First(S β) ⊆ First(NT )
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Constraint Propagation 
Algorithm

Constraints

First(* Num Term’ ) ⊆ First(Term’ )

First(/ Num Term’ ) ⊆ First(Term’ )

First(*) ⊆ First(* Num Term’ )

First(/) ⊆ First(/ Num Term’ )

*∈First(*)
/ ∈First(/)

Solution

First(Term’ ) = {}

First(* Num Term’ ) = {}

First(/ Num Term’ ) = {}

First(*) = {*}

First(/) = {/}

Initialize Sets to {}

Propagate Constraints Until Fixed 

Point

Chen Ding 44 6.035 ©MIT Fall 2006

Constraint Propagation 
Algorithm

Constraints

First(* Num Term’ ) ⊆ First(Term’ )

First(/ Num Term’ ) ⊆ First(Term’ )

First(*) ⊆ First(* Num Term’ )

First(/) ⊆ First(/ Num Term’ )

*∈First(*)
/ ∈First(/)

Solution

First(Term’ ) = {}

First(* Num Term’ ) = {}

First(/ Num Term’ ) = {}

First(*) = {*}

First(/) = {/}

Grammar

Term’ → * Int Term’

Term’ → / Int Term’

Term’ → ε
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Constraint Propagation 
Algorithm

Solution

First(Term’ ) = {}

First(* Num Term’ ) = {*}

First(/ Num Term’ ) = {/}

First(*) = {*}

First(/) = {/}

Constraints

First(* Num Term’ ) ⊆ First(Term’ )

First(/ Num Term’ ) ⊆ First(Term’ )

First(*) ⊆ First(* Num Term’ )

First(/) ⊆ First(/ Num Term’ )

*∈First(*)
/ ∈First(/)

Grammar

Term’ → * Int Term’

Term’ → / Int Term’

Term’ → ε
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Constraint Propagation 
Algorithm

Solution

First(Term’ ) = {*,/}

First(* Num Term’ ) = {*}

First(/ Num Term’ ) = {/}

First(*) = {*}

First(/) = {/}

Constraints

First(* Num Term’ ) ⊆ First(Term’ )

First(/ Num Term’ ) ⊆ First(Term’ )

First(*) ⊆ First(* Num Term’ )

First(/) ⊆ First(/ Num Term’ )

*∈First(*)
/ ∈First(/)

Grammar

Term’ → * Int Term’

Term’ → / Int Term’

Term’ → ε
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Grammar

Term’ → * Int Term’

Term’ → / Int Term’

Term’ → ε

Constraint Propagation 
Algorithm

Solution

First(Term’ ) = {*,/}

First(* Num Term’ ) = {*}

First(/ Num Term’ ) = {/}

First(*) = {*}

First(/) = {/}

Constraints

First(* Num Term’ ) ⊆ First(Term’ )

First(/ Num Term’ ) ⊆ First(Term’ )

First(*) ⊆ First(* Num Term’ )

First(/) ⊆ First(/ Num Term’ )

*∈First(*)
/ ∈First(/)
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To Build a Parse Tree
Term()

if (token = Int n) {

oldToken = token; token = NextToken();

node = TermPrime();

if (node == NULL) return oldToken; 

else return(new TermNode(oldToken, node);

} else throw SyntaxError

TermPrime()

if (token = *) || (token = /) {

first = token; next = NextToken();

if (next = Int n) {

token = NextToken(); 

return(new TermPrimeNode(first, next, TermPrime())

} else throw SyntaxError

} else return(NULL) 
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2*3*4

Term

Int
2

Term’

Int
3

* Term’

Int
4

* Term’

ε

Concrete 
Parse Tree

Term

Int
3

*

Term

Int
4

*

Int
2

Desired
Abstract 

Syntax Tree

Chen Ding 50 6.035 ©MIT Fall 2006

Hand Code or Use a Generator

• Recursive descent parser 

– Write more code

– Handle complex grammars

– Better error reporting

– Gcc uses a recursive descent parser

• Parser generator

– Rewrite the grammar

– Opaque, hard to understand or debug

– Linking manual code and generated code
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Summary

• Top-down parsing

– Left to right

– Leftmost expansion

– Lookahead

• Predictive parsing

– Eliminating left recursion

– Left factoring

– Computing the First sets
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“Dangling else” Problem 
[PLP pp.78]

• If statement

– Stmt -> if C ThenClause ElseClause

– ThenClause -> then Stmt

– ElseClause -> else Stmt | ε
• An example of ambiguous grammar
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First Two Solutions

• Change the grammar
• Stmt -> Balanced | Unbalanced

• Balanced -> if C then Balanced else Balanced | 
OtherStmt

• Unbalanced -> if C then Balanced else Unbalanced | 
if C then Stmt

• Use a heuristic

– Use the first of the possible rules

• What are the problems?
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One More Solution

• Change the language, e.g. Modula and 
Oberon

if C then S [else S] end

• The problem of end markers bunching up
if A then …

else if B then …

else if C then …

else if D then …

else …

end end end end

• Solution?  See PLP pp. 79
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Operator Precedence

• Is this grammar ambiguous? 

E → int

E → E B E

B → +

B → *

E → int

E → E B int

B → +

B → *
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• What is the parse tree for? 

1+2+3

E → int

E → E B int

B → +

B → *

E

E B

+

E B
+

int

1

int

2

int
3
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• What is the parse tree for? 

1+2*3

E → int

E → E B int

B → +

B → *

E

E B

*

E B
+

int

1

int

2

int
3
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• Use the grammar to enforce precedence
E → int

E → E B int

B → +

B → *

E → T

E → E C T

T → int

E → T B int

C → +

B → *

E

TE C
+

T B
*

Int

2

int

3

int

1

1+2*3

T


