1. Review of Definition of
L anguage Syntax

CS 336
West VirginiaUniversity
Lecture 1
August 22, 2000
Frances L. Van Scoy fvanscoy@wvu.edu

August 22, 2000 1. Review of Definition of Language
Semantics



Alphabets and Languages

An aphabet is afinite non-empty set.
Let Sand T be aphabets.
SeT={st|seS5teT}

(We'll often write ST for SeT.)
A = empty string, string of length zero
S={A}
St=S
S =SheS n>1
SS=SIUSFUSU...

SS=3°US
A language L over an alphabet Sis asubset of S*.
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How Many Languages Are
There?

How many languages over a particular
alphabet are there?

Uncountably infinitely many!

Then, any finite method of describing
languages can not include all of them.

Formal language theory gives us techniques
for defining some languages over an
al phabet.
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Methods for Defining Languages

e Grammar

— Rules for defining which strings over an
alphabet are in a particular language

e Automaton (plurd is automata)

— A mathematical model of a computer which can
determine whether a particular gring isin the
language
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Definition of a Grammar

A grammar Gisa4tupleG=(N, Z, P, S), where
N is an alphabet of nonterminal symbols
2 s an alphabet of termina symbols
N and > are digoint

Sisan eement of N; Sisthe start symbol or initial
symbol of the grammar

Pisaset of productions of the form a -> 3 where
aisin(NU2)* N(N U 2)*
Bisin (N U X)*
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Definition of a Language
Generated by a Grammar

We define => by
yodo=> vy dif
a->f(3 isinP, and
vand 0 arein (N U 2)*
=>+ Isthe transitive closure of =>
=>* |sthereflexive transtive closure of =>
Thelanguage L generated by grammar G=(N, 2, P, S), IS
defined by
L=L(G)={ x| S=>+xandXxisinZ*}

August 22, 2000 1. Review of Definition of Language
Semantics



Classes of Grammars
(The Chomsky Hierarchy)

Type 0, Phrase Structure (same as basic grammar definition)
Type 1, Context Sensitive
(1) a->Bwhere aisin(N U X)* N (N U 2)*,
Bisin(N U 2)+, and length(a) < length(3)
(2) YA 0> y [ owhee AisinN,Bisin(N U 2)*, and
vand d arein (N U 2)*
Type 2, Context Free
A ->[BwhereAisinN,Bisin (N U )
Linear
A->x orA->xBy,whereAandB areinN and x andy arein Z*
Type 3, Regular Expressions
(1) left linear A ->B aor A ->a where A andB areinN andaisinZ
(2) right linear A ->aB or A ->a, where A andB areinN and aisinx
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Comments on the
Chomsky Hierarchy (1)

Definitions (1) and (2) for context sensitive are equivalent.

Definitions (1) and (2) for regular expressions are equivalent.

If agrammar has productions of all three of the forms described in definitions (1)
and (2) for regular expressions, then it isalinear grammar.

Each definition of context sensitive is arestriction on the definition of phrase
structure.

Every context free grammar can be converted to a context sensitive grammar with
satisfies definition (2) which generates the same language except the language
generated by the context sensitive grammar cannot contain the empty string A.

The definition of linear grammar is arestriction on the definition of context free.

The definitions of |eft linear and right linear are restrictions on the definition of
linear.
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Comments on the
Chomsky Hierarchy (2)

Every language generated by aleft linear grammar can be generated by
aright linear grammar, and every language generated by aright linear
grammar can be generated by a left linear grammar.

Every language generated by aleft linear or right linear grammar can
be generated by alinear grammar.

Every language generated by alinear grammar can be generated by a
context free grammar.

Let L be alanguage generated by a context free grammar. If L does
not contain A, then L can be generated by a context sensitive grammar.
If L contains A, then L-{A} can be generated by a context sensitive
grammar.

Every language generated by a context sensitive grammar can be
generated by a phrase structure grammar.
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Type 3. Regular Expressions
Right Linear Grammars
Left Linear Grammars
Finite State Automata
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A Left Linear Grammar for

S->S5Sa
S->Sb
S->S1
S->S2
S->a
S->D

August 22, 2000

|dentifiers

S=>a
S=>S1=>al

S=>52=>Sb2

=> Sl1lb2=>alb?2

1. Review of Definition of Language
Semantics

11



A Right Linear Grammar
for Identifiers

S->aT T>1T S=>a

S>bT T>2T7

>->a T->a S=>aT=>al
S->Db T->b

T->aT T->1

T->bT T2 S=>aTl=>alT

=>albT=>alb?2
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Definition of a Deterministic
Finite State Automaton

A deterministic finite state automaton misa
S5-tupleM = (Q, 2, 0, q,, F), where
Q isafinite, nonempty set of states
2 Isthe finite nonempty tape al phabet
0:Qx2-> Qisthetransition function
g, IS an element of Q, theinitial state
Fisasubset of Q, the set of final states
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Definition of a Language
Accepted by a Deterministic
Finite State Automaton

Defined: Qx 2* -> Q by
o'(q,a) =0(q,a)
o' (q,ax) = 0'( 6(q,8),x)
0'(0,A)=q
forginQ,ainZ, xinx*
The language L accepted by the deterministic finite state automaton M=
(Q,2,9,q,, F)isdefinedby L =T(M) ={ x| xinX* and &'(q,, X) ISIn
F.
(We generally used and &' interchangeably.)
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A Deterministic Finite State
Automaton for |dentifiers

1,2
Qa,b,l,z
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A Deterministic Finite State
Automaton for Real Numeric
Literals

gl |error |error |g2 error

g2 error |eror g2 g3

g3 |error |error |g4  |error

og4* |eror |error |g4 error
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Definition of a Nondeterministic
Finite State Automaton

Let P(S) denote the powerset of S, the set of
all subsets of S.

A nondeterministic finite state automaton 1S
defined the same as a deterministic finite
state automaton, except

0. P(Q) x 2 -> P(Q)
T(M)={ x|xinZ* and
d(g0,x) intersection F# @ }
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Example of a Nondeterministic
Finite State Automaton



Example of Conversion of a
NDFSA to a DFSA

/{?

N\

b

CAN
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Class 2:

Context Free Grammars
Pushdown Automata
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A Context Free Grammar
for Expressions

S>E = > (E) S=>E=>E+T
E>E+T F->a =>E-T+T

- S b =>T-T+T

E->E-T :->C =>F-T+T

E->T - o =>a-T+T
T>ST*E =>a-T*F+T
T ~€ =>a-F*F+T

>T/F

. =>a-b*F+T
> F =>a-b*c+T
=>a-b*c+F

=>a-b*c-d
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ex. grammar G1 (left recursive)

S
S>E *
E>E-T / ¢ N\
T
E>T \
T->T/F '// \ \ F
) / - i

T->F T T F  identifier,d
F->(E) v | |
F -> identifier f f identifier,c

Identifier,a identifier b
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ex. grammar G2 (right recursive)

S
S->E v
E->T-E o Ei \
E->T T E
T->F/T F/ T/ i-\E
T->F o T/ i/\F \‘T
F->(E) Identifier,a | l l
F -> identifier 'f identifier,c F

identifier b Identifier,d
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ex. grammar G3 (ambiguous)

> E
>E-E
>E/E

> (E)

-> [dentifier

m m m m O
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Ambiguity

e Glven alanguage L and agrammar G such
that L I1s generated by G,
—If x Isin L and there are two distinct parse trees

of x with respect to G, then grammar G isan
ambiguous grammar

— If every grammar which generates L Is
ambiguous, then L is an ambiguous |language
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An Ambiguous Context Free
L anguage
o {dbck|j,k>1} U{dbkck]j, k>1}isan
ambiguous language.

* We can prove that regardless of grammar,
thestring {a b ¢ |j > 1} will always have
two distinct parse trees.
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An Ambiguous English Sentence

Timeflieslike agreen arrow.
subject = time, verb = flies
subject = you (understood), verb = flies
subject = flies, verb = like
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ex. grammar G4, right linear

S-> |dentifier T
o S->identifier

e T->-S

e T->/S
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Definition of Pushdown

Automaton

A pushdown automaton M isa 7 tupleM = (Q, S, T, 9O, F,
to, d) where

Q isafinite nonempty set of states

Sisafinitenonemptyu set of terminal symbols (or tape
symbols)

T isafinite nonempty set of stack symbols
go0inQistheinitial state

F subset of Q isthe set of final states
toinT

dOQXSXT->QxT*

August 22, 2000 1. Review of Definition of Language 29

Semantics



L anguage Recognized by PDA

e T(M) ={ xInS* | d(go,x,t0) = (q,t0) where
gisinF}
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eX. Recognizing Odd
Palindromes with Center Marker

S->aSa e d(g0,a,x) = (g0,xa)
S->bShb e d(g0,b,x) = (go,xb)
S->% e d(g0,$.x) = (q1,x)
* d(gl,a,a) =
(gl,lambda)
e d(gl,b,b) =
(gl,lambda)
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ex. Recognizing Even
Palindromes (without Center
Marker)

S->aSa
S->bShb
S->aa
S->bDb
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Determinism Vs.
Nondeterminism

e Nondeterministic and deterministic finite state automata
have the same power.
— That Is, given a nondeterministic finite state automaton,
| can produce a deterministic finite state automaton
which recognizes exactly the same language.

» Nondeterministic pushdown automata have greater power
than deterministic pushdown automata.

— That Is, there are some nondeterministic pushdown
automata for which no equivalent deterministic
pushdown automaton exists.
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ex. Some English Palindromes

e Madam, I'm Adam.

e Ablewas| erel saw Elba

e Pasasap.

e Won't loversrevolt now?

A man, aplan, acanal, Panama.
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Class 1:
Context Sengitive Grammar

Linear Bounded Automata
2-Stack Pushdown Automata
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ex. Grammar for {a'b"c" | n > 0}

S->aSBC S=>aBC=abC=
S->aBC abc
aB ->ab S->aSBC=>aaBC
bB->bB BC=>aabCBC=
hCo>h e aabBCC=>aabb
CC=>aabbcC=>
cC->cc aabbcc
CB->BC
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Some Other Context Sensitive
Languages
{ww}
(Recall { wwR} islinear.)
{anb"c™m|m,n>0}
(Recall { anb"c™"|m,n>0} islinear.)
{anb"cmd" |m,n>0}

(Recall {a"b"c"d™ |m,n>0} islinear and{a"
bmchd" [m,n>0} iscontext free)
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2-Stack Pushdown Automaton

e Input tape

e memory (state)

e two stacks

August 22, 2000

Input

stack

stack 1
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ex. Parsing
fo$w|lwin(Z-{$})+}

state qo (processing charactersto left of $)

— if input is any symbol except $ or eof, push it onto stack 1 and remain in
state g0

— ifinputis$, go to state q1
— if input is eof, error
state 1 (processing charactersto right of $)

— if input is any symbol except $ or eof, push it onto stack 2 and remain in
state g1

— ifinputis $, error
— if input is eof, go to state g2
state g2 (at end of input, comparing contents of two stacks)
— if top of stack 1 = top of stack 2, pop both stacks and remain in g2
— If both stacks are empty, success

August22QtbErWIiSe, error 1. Review of Definition of Language
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ex. Parsing
{ww|lwinx+}

 same as previous example, except
everything i1s done nondeterministicly!
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Ex. Parsing
{anb"cmd" [mn>0}

state g0
— if input isa, push onto stack 1 and stay in g0
— if input isb, push onto stack 2 and goto g1
state q1
— if input isb, push onto stack 2 and stay in g1
— if input isc, don't erase ¢ from input string, go to g2
state g2
— if stack 1 isnot empty pop top of stack 1 and push value onto state 2 and stay in g2
— if stack 1 isempty, goto g3
state g3
— if input isc and top of stack is a, pop top of stack 2 and stay in g3
— if input isd and top of stack is b, pop top of stack 2 and goto g4
state g4
— if input isd and top of stack is b, pop top of stack 2 and stay in g4
— if input iseof and stack 2 is empty, success
Otherwise, error
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Linear Bounded Automaton

o If Input hasn
characters, then input
tape has space for k *
n characters and I ba
can write to tape as
well as read from tape

¢ memory (state)
1 pushdown stack

August 22, 2000 1. Review of Definition of Language
Semantics

42



The Determinism Question

e Deterministic and nondeterministic finite state automata
are equivalent in power.

* There are some languages which can be recognized by a
nondeterministic pushdown automaton but not by a
deterministic pushdown automaton.

|t isan open guestion whether deterministic and
nondeterministic linear bounded automata are equivalent in
power.

o (Deterministic and nondeterministic Turing machines are
equivalent in power. Turing machines and phrase structure

grammars define the same class of languages.)
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Class O;
Phrase Structure Grammar
Turing Machine
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Turing Machine

finite memory
* NO stack
e (one-way) infinite tape

e read/write head on
tape unit
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The Church-Turing Thesis

* Alonso Church and Alan Turing

* The algorithms implementable by a Turing
machine are precisely those which are
computable.
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Summary

* \We can define alanguage by a grammar or
automaton.

« Different classes of languages can be
defined by restrictions on the form of the
productions of the grammar.

e Sometimes the syntactic definition of a
language has semantic implications.
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Quiz

Construct grammars for each of the following
|anguages.
{dbckd|i,jk =1}
{db|jz1}
fabkckd | j,k=1}
{dbckd|j, k=1}
{akbkck|k=1}
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