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Syntax Analysis: Outline
• Recap

n Front-end of compiler

• Grammars
n Context-free grammars

• Parsers
n Top-down

u Predictive
u LL(1) left-to-right-scan, left-most derivation, 1-token lookahead

n Bottom-up
u LR(1) left-to-right-scan, right-most derivation, 1-token lookahead

• Parser Generators
n SableCC
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Compiler Front-End Parser

• Performs context-free syntax analysis
• Guides the context-sensitive analysis
• Constructs an intermediate representation (IR)
• Produces meaningful error messages
• Attempts simple error corrections

source
program IR

error
messages

Scanner Parsertokens
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Context-Free Grammar
• A context-free grammar (CFG) G is a four-tuple

G = (T, N, S, P) where
n T is the set of terminal symbols in the grammar (the set of

tokens returned by the scanner).
n N is the set of non-terminals of syntactic variables that denotes 

the set of string (and substrings) in the language.
n S is a single non-terminal (S ∈ N) denoting the entire set of 

strings in L(G). It is called the start or goal symbol.
n P is a finite set of productions specifying how terminals and non-

terminals can be combined to form string in the language (must 
have exactly one non-terminal on the left-side).

n The set V = T ∪N is called the vocabulary of G.
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Context-Free Grammar, Example
• Grammars are written in Backus-Naur Form (BNF)

n <stmt> → <expr>
n <expr> → <expr> <op> <expr> |

num |
id

n <op> → + | - | * | /
• The parts of the context-free grammar

n T = {num, id, +, -,*, /}
n N = {<stmt>, <expr>, <op>}
n S = {<stmt>}
n P = {<stmt>→<expr>, <expr> → <expr> <op> <expr>,

<expr> →num, <expr> →id, <op>→+, <op>→-,
<op>→*,  <op>→ /}
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Notation and Terminology
• If A → γ the αAβ ⇒ αγβ is a single-step derivation.
• ⇒* and ⇒+ denotes derivations of ≥ 0 or ≥ 1 steps, 

examples
n αBβ ⇒* αγβ or 
n αBβ ⇒+ αγβ

• If S ⇒* α, then α is a sentential form of G
• L(G) = {w ∈ T* | S ⇒+w} w ∈ L(G) is called a sentence 

of G.
n Alternatively L(G) = {β ∈ V* | S ⇒*β} ∪ T
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The Chomsky Hierarchy

Regular

Context-Free

Context-Sensitive

Unrestricted

• α → β
n Type 0: Unrestricted

u α ∈(N ∪ T)*N (N ∪ T)*
u β ∈ (N ∪ T)*

n Type 1: Context-sensitive
u α ∈(N ∪ T)*N (N ∪ T)*
u β ∈ (N ∪ T)+

u |α| ≤ | β |
n Type 2: Context-free

u α ∈N
u β ∈ (N ∪ T)+

u |α| ≤ | β |
n Type 3: Regular

u α ∈ N
u β ∈ N or β ∈ T N

*** Appel 3.1 ***
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Scanning versus Parsing
• Regular expressions (RE) are used to classify identifiers, 

number, keywords because.
n REs are more concise and simpler for tokens than a grammar
n More efficient scanners can be build from REs than grammars.

• Context-free grammars are use to count
n Brackets: {}, begin .. end, if then else
n Imparting structure: expressions

• Syntax analysis is complicated enough 
n grammar for C has more than 200 production, SQL is even 

worse.
n Factoring out lexical analysis makes compilers more 

manageable.
n So split lexical analysis from syntax analysis.
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Derivations and Parsing
• The productions (P) can be viewed as rewriting rules.

n <stmt> ⇒ <expr>
⇒ <expr> <op> <expr>
⇒ <expr> <op> <expr> <op> <expr>
⇒ <id, x> <op><expr> <op> <expr>
⇒ <id, x> - <expr> <op> <expr>
⇒ <id, x> - <num, 10> <op> <expr>
⇒ <id, x> - <num, 10> * <expr>
⇒ <id, x> - <num, 10> * <id, y>

n Derives the sentence  x - 10 * y this is denoted
<stmt> ⇒* id - num * id

n A sequence of rewrites are called a derivation or a parse
n The process of finding a derivation is called parsing
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Derivations and Parsing, cont.
• At each step we choose a non-terminal to replace.

• This replacement can be done in two structured ways
n Leftmost derivation
n Rightmost derivation

• The previous derivation was leftmost.
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Rightmost Derivation
• Using the string x - 10 * y

n <stmt> ⇒ <expr>
⇒ <expr> <op> <expr>
⇒ <expr> <op> <id, y>
⇒ <expr> * <id, y>
⇒ <expr> <op> <expr> * <id, y>
⇒ <expr> <op> <num, 10> * <id, y>
⇒ <expr> - <num, 10> * <id, y>
⇒ <id, x> - <num, 10> * <id, y>

• <stmt> ⇒* id - num * id
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Precedence, cont.
stmt

expr

opexpr expr

<id, y>*

-

opexpr

<id, x>

expr

<num, 10>

Rightmost derivation
computes (x-10)*y

stmt

expr

op

-

expr

<id, x>

expr

*

opexpr

<num, 10>

expr

<id, y>

Leftmost derivation
computes x-(10*y)
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Precedence, cont.
• There is a problem in the grammar, there is no notion of 

precedence (implied order of evaluation).
• Change the grammar.

n <stmt> → <expr>
n <expr> → <expr> + <term> |

<expr> - <term> |
<term>

n <term> → <term> * <factor> |
<term> / <factor> |
<factor>

n <factor> → num |
id
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Precedence, cont.
<stmt>

⇒ <expr>
⇒ <expr> - <term>
⇒ <expr> - <term> * <factor>
⇒ <expr> - <term> * <id, y> 
⇒ <expr> - <factor> * <id, y>
⇒ <expr> - <num, 10> * <id, y>
⇒ <term> - <num, 10> * <id, y>
⇒ <factor> - <num, 10> * <id, y>
⇒ <id, x> - <num, 10> * <id, y>

stmt

expr

- term

*term

factor

<num, 10>

factor

<id, y>

expr

term

factor

<id, x>

• The change to the grammar fixes the problem!
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Ambiguity
• If a grammar has more than one derivation for a 

sentential form then it is ambiguous.
• Pascal example

n <stmt> → if <expr> then <stmt> |
if <expr> then <stmt> else <stmt>

n if expr1 then if expr2 then stmt1 else stmt2
u <stmt>⇒ if <expr> then <stmt>

⇒ if <expr> then if <expr> then <stmt> else <stmt>
⇒ etc.

u <stmt>⇒ if <expr> then <stmt> else <stmt>
⇒ if <expr> then if <expr> then <stmt> else <stmt>
⇒ etc.

n The ambiguity is purely grammatically.
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Ambiguity, cont.
• In some cases ambiguity can be eliminated by rearranging the 

grammar.

• Pascal example again
n <stmt> → <matched> |

<unmatched>
n <matched> → if <expr> then <matched> else <matched>
n <unmatched> → if <expr> then <stmt>|

if <expr> then <matched> else <unmatched>

n Match each else with the closest unmatched then
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Top-Down versus Bottom-Up
• Top-down parser

n Starts at the root of the derivation tree and fill it.
n Picks a production and tries to match the input
n May require backtracking.
n Some grammar are backtrack-free (predictive)

• Bottom-up parser
n Starts at the leaves and fill in
n Starts in a state valid for first tokens
n As the input is consumed change state to encode possibilities 

(recognize valid prefixes).
n Use a stack to store both state and sentential forms.
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Top-Down Parsing
• A top-down parser starts with the root of the parse tree, 

labeled with the start symbol of the grammar.

• To build a parse, it repeats the following steps until the 
fringe of the parse matches the input string.
n At a node labeled A select a production A → α and construct 

the appropriate child for each symbol of α.
n Backtrack when a terminal is added to the fridge and does not 

match the input.
n Find the next node to expand (must have a label in N).

n Important to select the right production in the first step.
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Top-Down Parse Example

<expr>-

x → - 10 * yid - <term>-

→ x - 10 * yid - <term>9

→ x - 10 * y<factor> - <term>7

→ x - 10 * y<term> - <term>4

→ x - 10 * y<expr> - <term>3

backtrack

x → - 10 * yid + <term>-

→ x - 10 * yid + <term>9

→ x - 10 * y<factor> + <term>7

→ x - 10 * y<term> + <term>4

→ x - 10 * y<expr> + <term>2

→ x - 10 * y<expr>1

→ x - 10 * y<stmt>-

x - 10 * y→id - num * id-

x - 10 * →yid - num * <factor>-

x - 10 * →yid - num * id9

x - 10 →* yid - num * <factor>-

x - →10 * yid - num * <factor>8

x - →10 * yid - <factor> * <factor>7

x - →10 * yid - <term> * <factor>5

x - →10 * yid - <term>-

backtrack

x - 10 →* yid – num-

x - →10 * yid – num8

x - →10 * yid - <factor>7

x - →10 * yid - <term>-
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Top-Down Parse Example Goes Bad

→ x - 10 * y<expr> + <term> + <term>+ <term>+<term>2

→ x - 10 * y<expr> + <term> + <term>+ <term>2

etc.

→ x - 10 * y<expr> + <term> + <term>2

→ x - 10 * y<expr> + <term>2

→ x - 10 * y<expr>1

→ x - 10 * y<stmt>-

• Another parse for x – 10 * y
n The parser constantly makes the wrong choices, expansion 

does not terminal.
n A good property of parsers are that they terminate.



Compiler Construction: Syntax Analysis 20

Left Recursion, Example
• Top-down parsers cannot handle left-recursion in a 

grammar.
• Examples

n <expr> → <expr> + <term> |
<expr> - <term> |
<term>

n <term> → <term> * <factor> |
<term> / <factor> |
<factor>

• Formally
n ∃A ∈ N such that A ⇒+ A α for some string α

Same symbol first on 
right-hand side
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Left Recursion, Removal
• To remove left recursion the grammar is transformed to 

use right recursion instead.
• In general a new non-terminal is introduced

n OLD:
<non-term> → <non-term> α|

β
in this grammar <non-term> ⇒* βα*

n NEW:
<non-term> → β <new-non-term>
<new-non-term> → α <new-non-term> |

ε
in this grammar <non-term> ⇒* βα*  also
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Left Recursion, Example Again
• Applying the transformation on

n <expr> → <expr> + <term> |
<expr> - <term> |
<term>

n <term> → <term> * <factor> |
<term> / <factor> |
<factor>

• Gives
n <expr> → <term> <expr’>
n <expr’> → +<term><expr’>  | 

-<term><expr’> | ε
n <term> → <factor><term’>
n <term’> → *<factor> <term’>|

/<factor> <term’>|ε

A top-down parser will
• terminate
• backtrack on some inputs
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Lookahead
• Top-down parsers may need to backtrack when selecting 

the wrong production.

• In general an arbitrary length lookahead is need to parse
CFGs. However,
n large subclasses of CFGs can be parsed with limited lookahead
n most programming language constructs can be expressed in 

these subclasses
u LL(1) = left-to-right-scan, left-most derivation, 1-token lookahead
u LR(1) = = left-to-right-scan, right-most derivation, 1-token lookahead
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Predictive Parsing
• Basic idea that for any two productions A → α | β there 

is a distinct way of choosing the correct production.

• For some right-hand side α ∈ G FIRST(α) is defined as 
the set of tokens that appear first in some string derived 
from α.
n w ∈T*, w ∈ FIRST(α) if α ⇒* wγ

• When two productions A → α and A → β boot appear 
in the grammar

FIRST(α) ∩ FIRST(β) = ∅

• This will allow the parser to make a correct choice with a 
lookahead of one symbol.
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Left Factoring
• If FIRST(α) ∩ FIRST(β) ≠ ∅ the grammar A → α and 

A → β can be sometimes transformed to get this 
property

• For each non-terminal A find the longest prefix α
common for two or more right hand sides.

• Example
n A → αβ1| αβ2| … | αβn is converted to
n A  → αA’

A’ → β1| β2| … | βn note that α ≠ ε

n Repeat until no two alternatives for a single non-terminal have 
a common prefix.
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Left Factoring, Example
1. <stmt> → <expr>

2. <expr> → <term> + <expr> |

3. <term> - <expr> |

4. <term>

5. <term> → <factor> * <term> |

6. <factor> / <term> |

7. <factor>

8. <factor> → num | 

9. id

<expr> → <term><expr’>

<expr’> → +<expr> |

-<expr>  | ε

<term> → <factor><term’>

<term’> → *<term> |

/<term> | ε
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Recursive Descent Parser
stmt(){

// from scanner
token =  next_token(); 
if (expr() == ERROR || token != EOF) 

return ERROR;}
expr(){

if (term() == ERROR) 
return ERROR;

else return expr_prime();}
expr_prime(){

if (token == PLUS) 
token = next_token();
return expr();

else if (token == MINUS)
token = next_token();
return expr();

else return OK;}
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Recursive Descent Parser, cont.
term(){if (factor() == ERROR)

return ERROR;
else return term_prime();}

term_prime(){
if (token == MULT)

token = next_token();
return term();

else if (token == DIV)
token = next_token();
return term();

else return OK;}
factor(){

if (token == NUM)
token = next_token();
return OK;

else if (token == ID)
token = next_token();
return OK;

else return ERROR;}
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Building the Abstract Syntax Tree
• One of the key jobs of the parser is to build an 

intermediate representation of the source code.

• To build an AST insert code at the appropriate points.
n factor() stacks nodes id and num
n term_prime() stacks nodes * and /
n term() can pop three elements, build, and push sub tree
n expr_prime() can stack nodes + and –
n expr() can pop three elements, build, and push sub tree
n stmt() can pop and return tree
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Non-Recursive Descent Parsing
• A recursive descent parser encodes state information in 

the run-time stack.
n Using recursive procedure calls may not be efficient

• Alternative implementation methods
n explicit stack with hand-coded parser
n stack-based, table-driven parser

source
program IRScanner Table-Driven

Parser
tokens

Stack

Parse Table
• Building tables instead of writing code

n this can be automated.
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Table-Driven Parsing
• A parser generator architecture

n top-down parser LL(k)
n bottom-up parser LR(k)

source
program IRScanner Table-Driven

parser
tokens

Stack

Parse TableContext-Free
Grammar

Parser
Generator

code
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Non-Recursive Predictive Parser
top_of_stack = 0
Stack[top_of_stack] = EOF
// Start Symbol of G
Stack[++top_of_stack] = S 
token = next_token() // from scanner
repeat

X = Stack[top_of_stack]
if X is a terminal or EOF then

if X = token then
pop X
token = next_token()

else error()
else // X is a non-terminal

if M[X,token] == X → Y1Y2…Yn then
pop X
push YnY2…Y1

else error()
until X == EOF

Input a string w and 
parse table M for the 

language G
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Parse Table Example
1. <stmt> → <expr>

2. <expr> → <term><expr’>

3. <expr’> → + <expr> |

4. - <expr>  |

5. ε

6. <term> → <factor><term’>

7. <term’> → * <term> |

8. /<term>  | 

9. ε

10. <factor> → num | 

11. id

-----1011<factor>
98799--<term’>
-----66<term>
5--43--<expr’>
-----22<expr>
-----11<stmt>
$/*-+numid
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FIRST Sets
• For a string of grammar symbols α, FIRST(α) is defined 

as follows.
n The set of terminal symbols that begin strings derived from α

{a ∈T | α ⇒* aβ}
n If α ⇒* ε then ε ∈ FIRST(α)

• FIRST(α) contains the set of tokens valid in the initial 
position in α.
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FIRST Sets, cont.

To build FIRST(X)
1. if X ∈T then FIRST(X) = {X}
2. if X → ε then FIRST(X) = {ε}
3. if X → Y1Y2…Yn then

1. FIRST(X) = FIRST(X) ∪ (FIRST(Y1) – {ε})
2. ∀i 1 < i ≤ n

if ε ∈ {FIRST(Y1) ∩ … ∩ FIRST(Yi-1 )} then
FIRST(X) = FIRST(X) ∪ (FIRST(Yi) – {ε})

(i.e.,Y1…Yi-1 ⇒* ε)
3. if ε ∈ {FIRST(Y1) ∩ … ∩ FIRST(Yn)} then

FIRST(X) = FIRST(X) ∪ {ε}
repeat until no more additions can be made
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FOLLOW Sets
• For a non-terminal A FOLLOW(A) is defined as as 

follows.
n The set of terminal symbols immediately to the right of A in 

some sentential form.
n A terminal symbol has no FOLLOW set.

• FOLLOW(A) specifies the set of tokens that can legally 
appear after A.
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FOLLOW Sets, cont.

To build FOLLOW(A)
1. FOLLOW(S) = {$} (add EOF to start symbol)
2. if A → αBβ then

1. FOLLOW(B) = FOLLOW(B) ∪ (FIRST(β) – {ε})
2. if β = ε (i.e., A → αB) or ε in FIRST(β) (i.e., β ⇒* ε) then

FOLLOW(B) = FOLLOW(B) ∪ FOLLOW(A)
repeat until no more additions can be made
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LL(1) Grammars
• A grammar G is LL(1) iff for a set of productions 

A → α1 |α2 |… | αn the following holds
n FIRST(αi) ∩ FIRST(αj) = ∅ (pair wise disjoint)
n αi ⇒* ε then FIRST(αi) ∩ FOLLOW(A) = ∅

∀i 1 < j ≤ n, i ≠ j

n If G is ε-free LL(1) is sufficient.
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LL(1) Grammars, cont.
• No left-recursive grammar is LL(1)
• No ambiguous grammar is LL(1)
• Some languages have no LL(1) grammar
• An ε-free grammar where each alternative expansion of 

A begins with a distinct terminal is a simple LL(1) 
grammar.
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LL(1) Parse Table Construction
Input: grammar G
Output: Parse table M

1. ∀ productions A → α (a, b ∈T and a, b ≠ ε)
1. ∀a ∈FIRST(α), add A → α to M[A,a]
2. if ε ∈ FIRST(α) or α = ε then

1. ∀b ∈FOLLOW(A), add A → α to M[A,b]
2. if $ ∈ FOLLOW(A), add A → α to M[A, $]

2. Set each undefined entry of M to error

• If ∃ M[A,a] with multiple entries then the grammar is 
not LL(1).
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LL(1) Parse Table Example

{/}/

-{*}*

-{-}-

-{+}+

-{num}num

-{id}id

{+,-,*,/,$}{num, id}<factor
>

{+,-,$}{ε, *, /}<term’>

{+,-,$}{num, id}<term>

{$}{ε, +, -}<expr’>

{$}{num, id}<expr>

{$}{num, id}<stmt>

FOLLOWFIRST

-----F→numF→idF

T’→ εT’→ /TT’→ *TT’→ εT’→ ε--T’

-----T→FT’T→FT’T

E’→ ε--E’→-EE’→+E--E’

-----E→TE’E→TE’E

-----S→ES→ES

$/*-+numid

<term> →<factor><term’>
<term’> →* <term> |/<term> | ε
<factor> → num | id

<stmt> →<expr>
<expr> →<term><expr’>
<expr’> →- <expr> |+<expr> | ε
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Summary
• Scanners expressed in RE implemented in finite 

automaton
n NFA converted to DFA converted to minimal DFA

• Typically a tools is used for generating scanners (Lex, 
JavaCC, SableCC, etc.)
n Ad-hoc scanners faster but hard to get right and maintain

• Recursion not need to implement a scanner
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Sethi Exercise 2.3
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