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Overview
¥ Basic Concepts

¥ Regular Expressions
Ð Language

¥ Lexical analysis by hand

¥ Regular Languages Tools
Ð NFA

Ð DFA

¥ Scanning tools
Ð Lex / Flex / JFlex / ANTLR
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Scanning Perspective
¥ Purpose

Ð Transform a stream of symbols

Ð Into a stream of tokens
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Lexical Analyzer Responsibilities
¥ Lexical analyzer [Scanner]

Ð Scan input

Ð Remove white spaces

Ð Remove comments

Ð Manufacture tokens

Ð Generate lexical errors

Ð Pass token to parser
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Modular design
¥ Rationale

Ð Separate the two analyses
¥ High cohesion / Low coupling

Ð Improve efÞciency

Ð Improve portability / maintainability

Ð Enable integration of third-party lexers 
¥ [lexer = lexical analysis tool]
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Terminology
¥ Token

Ð A classiÞcation for a common set of strings

Ð Examples: IdentiÞer, Integer, Float, Assign, LeftParen, RParen,....

¥ Pattern
Ð The rules that characterize the set of strings for a token

Ð Examples: [0-9]+

¥ Lexeme
Ð Actual sequence of characters that matches a pattern and has 

a given Token class.

Ð Examples: 
¥ IdentiÞer: Name,Data,x

¥ Integer: 345,2,0,629,....
6
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Examples
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Token Sample Lexemes Informal Description of Pattern
const

if

relation

id

num

literal

const

if

<, <=, =, < >, >, >=

pi, count, D2

3.1416,  0,  6.02E23

Òcore dumpedÓ

const

if

< or <= or = or < > or >= or >

letter followed by letters and digits

any numeric constant

any characters between Ò and Ó except Ó

Classifies
Pattern

Actual values are critical.  Info is :
1.  Stored in symbol table
2. Returned to parser
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Lexical Errors
¥ Error Handling is very localized, w.r.t. Input Source 

¥ Example: whil  ( x := 0 ) do  
 generates no  lexical errors in PASCAL

¥ In what Situations do Errors Occur?
¥ PreÞx of remaining input doesnÕt match any deÞned token

¥ Possible error recovery actions:
¥ Deleting or Inserting Input Characters

¥ Replacing or Transposing Characters

¥ Or, skip over to next separator to ignore problem
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EfÞciency issues
¥ Is efÞciency an issue? 

¥ 3 Lexical Analyzer construction techniques
¥ How they address efÞciency?

¥ Lexical Analyzer Generator 

¥ Hand-Code / High Level Language (I/O facilitated by the language) 

¥ Hand-Code / Assembly Language (explicitly manage I/O).

¥ In Each Technique É 
¥ Who handles efÞciency ?

¥ How is it handled ?
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I/O: Fast Scanners..
¥ Character-at-a-time I/O 

¥ Block / Buffered I/O

¥ Block/Buffered I/O
¥ Utilize Block of memory 

¥ Stage data from source to buffer block at a time 

¥ Maintain two blocks  -  Why (Recall OS)?
¥ Asynchronous I/O - for 1 block 

¥ While Lexical Analysis on 2nd block
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Tradeoffs?

Block 1 Block 2

ptr...When done,
issue I/O

Still Process
token in 2nd block
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Basic Scanning technique
¥ Use 1 character of look-ahead

Ð Obtain char with getc()

¥ Do a case analysis
Ð Based on lookahead char

Ð Based on current lexeme

¥ Outcome
Ð If char can extend lexeme according to some pattern that 

deÞnes a token, all is well, go on.

Ð If char cannot extend lexeme:
¥ Figure out what the complete lexeme is and return its token

¥ Put the lookahead back into the symbol stream
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Formalization
¥ How to formalize this pseudo-algorithm ?

¥ Idea
Ð Lexemes are simple

Ð Tokens are sets of lexemes....

Ð So: Tokens form a LANGUAGE

¥ Question
Ð What languages do we know ?

12

Regular
Context Free
Context Sensitive
Natural



  

CSE244 Compilers

Language Concepts
¥ A  language, L, is simply any set of strings over a Þxed 

alphabet.
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Alphabet Languages

     {0,1}                               {0,10,100,1000,100000É}

                                             {0,1,00,11,000,111,É}

     {a,b,c}                            {abc,aabbcc,aaabbbccc,É}

     {A, É  ,Z}                      {TEE,FORE,BALL,É }

                                            {FOR,WHILE,GOTO,É}

     {A,É ,Z,a,É,z,0,É9,    { All legal PASCAL progs}

       +,-,É,<,>,É }              { All grammatically correct

                                               English sentences }

Special Languages:   !  - EMPTY LANGUAGE
                                   "  - contains "  string only
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Formal Language Operations

14

OPERATION DEFINITION

union of L and M
written  L !  M

concatenation of L
and M written  LM
Kleene closure of L
written L*

positive closure of
L written  L +

L !  M = {s | s is in L or s is in M}

LM = { st | s is in L and t is in M}

L+=

U
"

=0i

iL

L* denotes Òzero or more concatenations of Ò L

L* =

U
"

=1i

iL

L+ denotes Òone or more concatenations of Ò L
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Examples
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L = {A, B, C, D }          D = {1, 2, 3}

L !  D = {A, B, C, D, 1, 2, 3 }

LD = {A1, A2, A3, B1, B2, B3, C1, C2, C3, D1, D2, D3 }

L2 = { AA, AB, AC, AD, BA, BB, BC, BD, CA, É  DD}

L4 = L2  L2  = ??

L* = { All possible strings of  L plus "  }

L+ = L* - "

L (L !  D ) = ??

 L (L !  D )* = ??
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Regular Languages
¥ All examples above are

Ð Quite expressive

Ð Simple languages

¥ But also...
Ð Belong to a special class: regular languages

¥  A Regular Expression is a Set of Rules / Techniques for 
Constructing Sequences of Symbols (Strings) From an 
Alphabet.

¥ Let !  Be an Alphabet, r a Regular Expression Then  L(r)  
is the Language That is Characterized by the Rules of  r

16



  

CSE244 Compilers

Rules
¥ Þx alphabet !   

¥ "  is a regular expression denoting {" }

¥ If  a is in !  , a is a regular expression that denotes {a}

¥ Let r and s be R.E. for L(r) and L(s).  Then 

¥           (a)  (r) | (s) is a regular expression  L(r)  L(s)

¥           (b)  (r)(s) is a regular expression  L(r) L(s)

¥           (c)  (r)* is a regular expression  (L(r))*

¥           (d)  (r) is a regular expression  L(r) 

¥ All are Left-Associative. 

¥ Parentheses are dropped as allowed by precedences.
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Example revisited
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L = {A, B, C, D }          D = {1, 2, 3}

A | B | C | D  = L

(A | B | C | D ) (A | B | C | D ) = L2

(A | B | C | D )* = L*

(A | B | C | D ) ((A | B | C | D ) | ( 1 | 2 | 3 )) = L (L !  D)
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Algebraic Properties
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AXIOM DESCRIPTION
r | s = s | r

r | (s | t) =  (r | s) | t
(r  s) t =  r (s t)

! r = r
r !  = r

r* = ( r | !  )*

r ( s | t ) = r s | r t
( s | t ) r = s r | t r

r** = r*

|  is commutative
|  is associative
concatenation  is associative

concatenation distributes over |

relation between * and !

!  Is the identity element for concatenation

*  is idempotent
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More Examples
¥  All Strings that start with ÒtabÓ or end with ÒbatÓ:

tab{A,É,Z,a,...,z}*|{A,É,Z,a,....,z}*bat

¥  All Strings in Which {1,2,3} exist in ascending order:

{A,É,Z}*1 {A,É,Z}*2 {A,É,Z}*3 {A,É,Z}*

20
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Using R.E. as patterns
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Regular Definitions:  Associate names with Regular Expressions

For Example :  PASCAL IDs

letter  !   A | B | C | É | Z | a | b | É | z

digit !   0 | 1 | 2 | É  | 9
id !   letter ( letter | digit  )*

Shorthand Notation:

     Ò+Ó : one or more       r* = r+ | "    &    r + = r r*
     Ò?Ó : zero or one r?=r | "

     [range] : set range of characters (replaces Ò|Ó )
                   [A-Z] = A | B | C | É  | Z

Example Using Shorthand : PASCAL IDs

id !  [A-Za-z][A-Za-z0-9]*
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Tokens and Patterns

22

Assume Following Tokens:

        if,  then,  else,  relop,  id,  num

What language construct are they used for ?

Given Tokens, What are Patterns ?

if       !   if

then  !   then
else   !   else
relop !   < | <= | > | >= | = | <>
id      !   letter ( letter | digit  )*
num !   digit + (. digit  + ) ? ( E(+ | -) ? digit  + ) ?

What does this represent ?       What is "  ?
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Throw Away Tokens
¥ Fact

Ð Many tokens are identiÞed only to be thrown away.
¥ whitespace, tabulations, carriage return, and comments can be 

discarded without affecting the programÕs meaning.
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blank    !   b
tab        !   ̂ T
newline !   ̂ M
delim    !   blank | tab | newline
ws         !   delim +
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Automaton
¥ A tool to specify a token

24

start

other

=>
0 6 7

8 * RTN(G)

RTN(GE)> =

We’ve accepted “>” and have read other char that
must be unread.
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A More Complex Automaton

25

start <
0

other

=
6 7

8

return( relop, LE)

5

4

>

=
1 2

3

other

>

=

*

*

return( relop, NE)

return( relop, LT )

return( relop, EQ)

return( relop, GE)

return( relop, GT)
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Two More...

26

id :

delim :

start delim
28

other
3029

delim

*

start letter
9

other
1110

letter or digit

*
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What about keywords ?
¥ Easy!

Ð Use the ÒIdentiÞerÓ token

Ð After a match, lookup the keyword table
¥ If found, return a token for the matched keyword

¥ If not, return a token for the true identiÞer

27
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Yes... But how to scan?
¥ Remember the algorithm?

Ð Acquire 1 character of lookahead

Ð Case analysis based
¥ On lookahead

¥ On state of automaton

28
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Scanner code
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class Scanner {
! InputStream _in; 
! char        _la; // The lookahead character
! char[]      _window; // lexeme window
! Token  nextToken() {
    startLexeme();    // reset window at start
! ! while(true) {
! ! ! switch(_state) {
! ! ! ! case 0: {
  ! ! ! ! _la = getChar();
! ! !     ! if (_la == Ô<Õ) _state = 1;
! ! ! ! ! else if (_la == Ô=Õ) _state = 5;
! ! ! ! ! else if (_la == Ô>Õ) _state = 6;
! ! ! ! ! else failure(state);
! ! ! ! }break;
! ! ! ! case 6: {
! ! ! ! ! _la = getChar();
! ! ! ! ! if  (_la == Ô=Õ) _state = 7;
! ! ! ! ! else _state = 8;
! ! ! ! }break;
! ! ! }
! ! }
! }
}

case 7: {
! return new Token(GEQUAL);
}break;

case 8: {
! pushBack(_la);
! return new Token(GREATER);
}

start <
0

other

=
6 7

8

5

4

>

=
1 2

3

other

>

=

*

*
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Handling Failures
¥ Meaning

Ð The automaton for this token failed

¥  solution
Ð If another automaton is available

¥ ÒrewindÓ the input to the beginning of last lexeme

¥ Jump to start state of next automaton

¥ Start recognizing again

Ð If no other automaton
¥ This is a true lexical error. 

¥ Discard lexeme (or at least Þrst char of lexeme)

¥ Start from state 0 again 

30
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Overview
¥ Basic Concepts

¥ Regular Expressions
Ð Language

¥ Lexical analysis by hand

¥ Regular Languages Tools
Ð NFA / DFA

¥ Scanning with DFAs

¥ Scanning tools
Ð Lex / Flex / JFlex

31
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Automata & Language Theory
¥ Terminology

Ð FSA
¥ A recognizer that takes an input string and determines whether itÕs a 

valid string of the language.

Ð Non-Deterministic FSA (NFA)
¥ Has several alternative actions for the same input symbol

Ð Deterministic FSA (DFA)
¥ Has 1 action for any given input symbol

¥ Bottom Line
Ð expressive power(NFA) == expressive power(DFA)

Ð Conversion can be automated

32
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NFA
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An NFA is a mathematical model that consists of :

¥ S, a set of states

¥ ! , the symbols of the input alphabet

¥ move, a transition function .  

¥ move(state, symbol) "  set of states

¥ move : S # !$ {%} "  Pow(S)

¥ A state, s0 % S, the start state

¥ F & S, a set of final  or accepting states.
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Representing NFA

34

Transition Diagrams :

Transition Tables: 

Number states (circles), 
arcs, Þnal states, É 

More suitable to 
representation within a 
computer

WeÕll see examples of both !
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Example NFA
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S = { 0, 1, 2, 3 }

s0 = 0

F = { 3 }

!  = { a, b }

start
0 3b21 ba

a

b

What Language is deÞned ?

What is the Transition Table ?

state

i n p u t

0

1

2

a b

{ 0, 1 }

-- { 2 }

-- { 3 }

{ 0 }

% (null) moves possible

ji %

Switch state but do not 
use any input symbol
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Epsilon-Transitions
¥ Given the regular expression :  (a (b*c)) | (a (b | c+)?)

¥ Find a transition diagram NFA that recognizes it.

¥ Solution ?

36

4

0 1

2

3 5

a

!

c

b

!

c
c

b
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NFA Construction
¥ Automatic construction example

¥ a(b*c)

¥ a(b|c+)?

37

Build a Disjunction

5

6

7

4 a

b

c

c

1 32a

b

c
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Resulting NFA
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1

!

32a

b

c

5

6

7

4

!
a

b

c

c

1
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Working NFA
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start
0 3b21 ba

a

b ¥ Given an input string, we trace moves 

¥ If no more input & in Þnal state, ACCEPT 

EXAMPLE:  
Input:  ababb

move(0, a) = 1

move(1, b) = 2
move(2, a) = ? (undeÞned)

REJECT !

move(0, a) = 0

move(0, b) = 0
move(0, a) = 1
move(1, b) = 2
move(2, b) = 3
ACCEPT !

-OR-
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Handling UndeÞned Transitions
¥ We can handle undeÞned transitions by deÞning one 

more state, a ÒdeathÓ state, and transitioning all 
previously undeÞned transition to this death state.

40

start
0 3b21 ba

a

b

4

a, b

a
a

!
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Worse still...
¥ Not all paths result in acceptance!

41

start
0 3b21 ba

a

b

aabb is accepted along path :   

0 #  0 #  1 #  2 #  3

BUTÉ it is not accepted along the valid path:

0 #  0 #  0 #  0 #  0 
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The NFA ÒProblemÓ
¥ Two problems

Ð Valid input may not be accepted

Ð Non-deterministic behavior from run to run...

¥ Solution?

42
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The DFA Saves The Day
¥ A DFA is an NFA with a few restrictions

Ð No epsilon transitions

Ð For every state s, there is only one transition (s,x) from s for 
any symbol x in !

¥ Corollaries

Ð Very e$cient to implement a DFA with an 
algorithm!
¥ one pass / need to remember only one state 

at each state / table-lookup for state change.
Ð Deterministic behavior

43
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NFA vs. DFA
¥ NFA

Ð smaller number of states Qnfa

Ð In order to simulate it requires a |Qnfa| computation for each 
input symbol.

¥ DFA
Ð larger number of states Qdfa

Ð In order to simulate it requires a constant computation for 
each input symbol.

¥ caveat - generic NFA=>DFA construction: Qdfa ~ 2^{Qnfa}

¥ but: DFAÕs are perfectly optimizable! (i.e., you can Þnd smallest 
possible Qdfa )

44
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One catch...
¥ NFA-DFA comparison
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41 b2 3a b

a

b

41 b2 3a b

a

b

a

a
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NFA to DFA Conversion
¥ Idea

Ð Look at the state reachable without consuming any input

Ð Aggregate them in macro states

46

8

2

!

!

3 4a b

6 7

510 !

!

c

!

!

!

!

8

2

!
!

3 4a b

6 7

510 !
!

c

!

!

!

!

0,1,2,6,8

8

2

!
!

3 4a b

6 7

510 !
!

c

!

!

!

!

0,1,2,6,8 3a

8

2

!
!

3 4a b

6 7

510 !
! !

!

!

!

0,1,2,6,8 3a

7,5,8,1,2,6

c
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Final Result
¥ A state is Þnal

Ð IFF one of the NFA state was Þnal

47

3a

c a

c

b

a

c

0,1,2,6,8

7,5,8,1,2,6
1,2,4,5,6,8
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Preliminary DeÞnitions
¥ NFA     N = ( S, ! , s0, F, MOVE )
¥ " -Closure(s)  !: s " S

Ð set of states in S that are reachable from s via " -moves of N 
that originate from s.

¥ " -Closure(T) !: T & S
¥ NFA states reachable from all t " T on " -moves only.

¥ move(T,a)! : T & S,  a " !
¥ Set of states to which there is a transition on input a from 

some t "  T

48
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Algorithm

49

forall(t in T) push(t);

initialize " -closure(T) to T;

while stack is not empty   do begin

     t = pop();

     for each u " S with edge t # u labeled "

     if u is not in " -closure(T)

      ! add u to " -closure(T) ;

! push u onto stack

computing the " -closure
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DFA construction

50

let Q = " -closure(s 0) ; 

    D = { Q };

enQueue(Q)

while queue not empty  do

! X = deQueue();

! for each a " !  do 

      Y := " -closure(move(X,a));

      T[X,a] := Y

      if Y is not in D

         D = D U { Y }

! ! ! enQueue(Y);

     end

end

computing the 

% The set of states

% The transitions
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Summary
¥ We can

Ð Specify tokens with R.E.

Ð Use DFA to scan an input and recognize token

Ð Transform an NFA into a DFA automatically

¥ What we are missing
Ð A way to transform an R.E. into an NFA

¥ Then, we will have a complete solution
Ð Build a big R.E.

Ð Turn the R.E. into an NFA

Ð Turn the NFA into a DFA

Ð Scan with the obtained DFA

51
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R.E. To NFA
¥ Process

Ð Inductive deÞnition
¥ Use the structure of the R.E.

¥ Use atomic automata for atomic R.E.

¥ Use composition rules for each R.E. expression

¥ Recall
Ð RE!::= "

! ! ::= s in !
" " ::= rs

" " ::= r | s 

" " ::= r*

52
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Epsilon Construction
¥ RE!::= "

53

f!i
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Symbol Construction
¥ RE!::= s in !

54

fxi
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Chaining Construction
¥ RE"::= rs

55

! fi fii f! !
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Branching Construction
¥ RE"::= r | s

56

f

!
i

fi

fi

!

!

!
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Kleene-Closure Construction
¥ RE"::= r*

57

! fi !i f

!

!



  

CSE244 Compilers

NFA Construction Example
¥ R.E. 

Ð (ab*c) | (a(b|c*))

¥ Parse Tree: 

58

r13

r 12r 5

r 3 r 11r 4

r 9

r 10

r 8r 7

r 6

r 0

r 1 r 2

b

*
c

a a

|

( )

b

|

*

c
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NFA Construction Example 2

59

r3: a

r0: b

r2: c

b %

%

%

%r1:

r 4 : r 1 r2
b %

%

%

% c

r5 : r 3 r4
b %

%

%

%a c

(ab*c) | (a(b|c*))
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NFA Construction Example 3

60

r11: a

r7: b

r6: c

c %

%

%

%r9 : r 7 | r8

%
%

b

c %

%

%

%r8:

c %

%

%

%r12 : r 11  r10

%
%

b

a

r10 : r 9

(ab*c) | (a(b|c*))
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NFA Construction Example 4

61

r13 : r5 | r12

b %

%

%

%a c

c %

%

%

%

%
%

b

a

%

%%

%

1

6543

8

2

10

9 12 13 14

11

15

7

16

17

(ab*c) | (a(b|c*))
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Overall Summary
¥ How does this all Þt together ?

Ð Reg. Expr.  #  NFA construction

Ð NFA #  DFA conversion

Ð DFA simulation for lexical analyzer

¥ Recall Lex Structure
Ð Pattern       Action

Ð Pattern       Action

Ð  É               É
¥ Each pattern recognizes lexemes

¥ Each pattern described by regular expression

62

%

%

etc.

(abc)*ab

(a | b)*abb

Recognizer!
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Morale?
¥ All of this can be automated with a tool!

Ð LEX" The Þrst lexical analyzer tool for C

Ð FLEX" A newer/faster implementation C / C++ friendly

Ð JFLEX" A lexer for Java. Based on same principles.

63

Lex
SpeciÞcation

JFLex 
Compiler

Java
Class

Other
Class

Other
Class

Other
Class

Other
Class

Other
Class

Other
Class

Other
Class

Other
Class

Compiler 
written in Java
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JFlex Example

64

/* ----- example          -------------------------------------------  
*/

%%
   
/* -----------------Options and Declarations Section-----------------  
*/

%class Lexer

%line
%column

%function nextToken
%type Token
%eofval{
  return new Token(Token.Label.EOF);
%eofval}
%eofclose

%{
  public int no_of_words = 0;
  
  private Token token(Token.Label type) {
    return new Token(type, yyline, yycolumn);
  }
  private Token token(Token.Label type, Object value) {
    return new Token(type, yyline, yycolumn, value);
  }
%}
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JFlex Example page 2

65

   
LineTerminator = \r|\n|\r\n
word = [:jletter:] [:jletterdigit:]*
number = 0 | [1-9][0-9]*
punctuation = \"|"."|"?"|","|"!"|"'"|"-"
   
%%
/* ------------------------Lexical Rules Section---------------------- */

 <YYINITIAL> {
    " "                { return token(Token.Label.SPACE); }
    "\t"               { return token(Token.Label.TAB); }
    {LineTerminator}   { return token(Token.Label.NEWLINE); }
! {word} ! ! !    { ! String my_word = yytext();
! ! ! ! ! ! ! no_of_words++;
! ! ! ! ! ! ! char reversed[] = new char[my_word.length()]; 
! ! ! ! ! ! ! for (int i = 0; i< my_word.length(); i++)
! ! ! ! ! ! ! !  reversed[i] = my_word.charAt(my_word.length()-i-1);
! ! ! ! ! ! ! return token(Token.Label.WORD, new String(reversed)); }
    {number}           { return token(Token.Label.NUMBER, new Integer(yytext())); }
! {punctuation} !    { return token(Token.Label.PUNCTUATION, new String(yytext())); }
}

/* No token was found for the input so through an error.  Print out an
   Illegal character message with the illegal character that was found. */
[^]                    { throw new Error("Illegal character <"+yytext()+">"); }

Building this in JFlex results in java class Lexer
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public  class  Token {
! public  enum Label { !
! ! EOF, NUMBER, WORD, SPACE, TAB, NEWLINE, PUNCTUATION
! };
! Label thislabel ;
! int   thisline ;
! int   thiscol ;
! Object thisval ;
!
! public  Token(Label t, int  l, int  c) {
! ! thislabel  = t;
! ! thisline  = l;
! ! thiscol  = c;
! ! thisval  = null ;
! }
!
! public  Token(Label t, int  l, int  c,Object v) {
! ! thislabel  = t;
! ! thisline  = l;
! ! thiscol  = c;
! ! thisval  = v; !!
! }
!

! public  Token(Label t) {
! ! thislabel  = t;
! ! thisline  = -1;
! ! thiscol  = -1;
! ! thisval  = null ; ! !
! }
! !
! public  String toString() {
! ! switch ( thislabel ) {
! ! case  EOF: return  "" ;
! ! case  SPACE: return  " " ;
! ! case  NUMBER: return  thisval .toString();
! ! case  WORD: return  thisval .toString();
! ! case  TAB: return  "\t" ;
! ! case  NEWLINE: return  "\n" ;
! ! case  PUNCTUATION: return  thisval .toString();
! ! }
! ! return  "<<invalid token>>" ; ! !
! }
}



  

CSE244 Compilers

The Driver class

67

import  java.io.File;
import  java.io.FileNotFoundException;
import  java.io.FileReader;
import  java.io.IOException;

public  class  Driver {
! String[] my_args ;
! public  static  void  main(String[] args) {
! ! Driver d = new Driver(args);
! ! d.run(); }
!
! public  Driver(String[] args) {
! ! my_args  = args; }
!
! public  void  run() {
! ! try  {
! ! ! FileReader fr = new FileReader( new File( my_args [0]));
! ! ! Lexer l = new Lexer(fr);
! ! ! Token s = null  ;
! ! ! try  {! ! ! !
! ! ! ! do{
! ! ! ! ! s = l.nextToken();
! ! ! ! ! System. out .print(s.toString());
! ! ! ! } while  (s. thislabel  != Token.Label. EOF);
! ! ! ! System. out .println( "\n\nScanner done - Words processed = "  + l. no_of_words );
! ! ! } catch  (IOException e) {
! ! ! ! e.printStackTrace();
! ! ! }
! ! } catch  (FileNotFoundException e) {
! ! ! e.printStackTrace();
! ! } ! !
! }
}
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! "So you're going to go through with it, then," Gandalf the Wizard said 
slowly.
! "I am," Bilbo replied. "I've been planning this for a long time. 
It'll give the Hobbits of the Shire something to talk about for the next 
nine days - or ninety-nine, more likely. Anyway, at least I'll have my 
little joke."
! "Who will laugh, I wonder?" Gandalf mused aloud, scratching his 
beard idly.

Input File: 

Output: 

! "oS uoy'er gniog ot og hguorht htiw ti, neht," fladnaG eht draziW dias 
ylwols.
! "I ma," obliB deilper. "I'ev neeb gninnalp siht rof a gnol emit. 
tI'll evig eht stibboH fo eht erihS gnihtemos ot klat tuoba rof eht txen 
enin syad - ro ytenin-enin, erom ylekil. yawynA, ta tsael I'll evah ym 
elttil ekoj."
! "ohW lliw hgual, I rednow?" fladnaG desum duola, gnihctarcs sih 
draeb yldi.

Scanner done - Words processed = 71
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Ahead...
¥ Grammars 

¥ Parsing
Ð Bottom Up

Ð Top Down
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