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A grammar consists of a collection of substitution rules, also called produc-
tions. Each rule appears as a line in the grammar, comprising a symbol and
a string separated by an arrow. The symbol is called a variable. The string
consists of variables and other symbols called terminals. The variable symbols

A — 0A1
A— B
B — #

: 000#111 gani, o &

A = 0A1 = 00A11 = 0004111 = 0008111 = 000#111.
ik ol g 4y by e slandl c5 s
parse tree.

#F—D—>——n—n
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(SENTENCE) — (NOUN-PHRASE)(VERB-PHRASE)
(NOUN-PHRASE) — (CMPLX-NOUN) | (CMPLX-NOUN)(PREP-PHRASE)
(VERB-PHRASE) — (CMPLX-VERB) | (CMPLX-VERB)(PREP-PHRASE)

(PREP-PHRASE) — (PREP)(CMPLX-NOUN)
(CMPLX-NOUN) — (ARTICLE)(NOUN)
(CMPLX-VERB) — (VERB) | (VERB)(NOUN-PHRASE)
(ARTICLE) — a | the
(NOUN) — boy | girl | flower
(VERB) — touches | likes | sees
(PREP) — with

ol S dags ouls 09l O e diged
a boy sees

the boy sees a flower
a girl with a flower likes the boy

(SENTENCE) = (NOUN-PHRASE)(VERB-PHRASE)
= (CMPLX-NOUN)(VERB-PHRASE)
= (ARTICLE)(NOUN)(VERB-PHRASE)
= a (NOUN)(VERB-PHRASE)
= a boy (VERB-PHRASE)
= a boy (CMPLX-VERB)
= a boy (VERB)

= a boy sees
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:sipser ;o  Scwol> Jloy o9

DEFINITION 2.8

A context-free grammar is in Chomsky normal form if every rule is
of the form

A — BC
A—a

where a is any terminal and A, B, and C are any variables—except
that B and C may not be the start variable. In addition, we permit
the rule S — €, where S is the start variable.

THEOREM 2.9

Any context-free language is generated by a context-free grammar in Chomsky
normal form.

:Linz Jts
S (Sl Jloji 3 Gp ol 5 sl (Ssler Joi 08 Gy ol 5 5 ey 3
Cely Soons 53 S 125 055 o) Dgmme (Sl Jloji 03 Gy yol,5 s iy o3 2l

ol 0als ol ol aelgd

The grammar
G, S — AS|a,
A — SAlb

is in Chomsky normal form. The grammar
G, S — AS
A— SA

AAS,

aa

1s not; both productions S — A4S and 4 — aa violate the conditions
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1. The original CFG Gg is shown on the left. The result of applying the first
step to make a new start variable appears on the right.

Ge: 55 ASA|aB So —+ 5
AsB|S S — ASA|aB
B -5be — A— B|S
B > ble
€ 0y uslg Bi Y als
So — S 2. Remove e-rules Sy s S
S — ASA|aB —> S — ASA|aB|a|SA|AS|S
A— B|S A— B|S
B - ble B —b

o Al e 90y g adg acled B> 1Y als o

3a. Remove unit rules S — S, shown on the left, and Sy — S, shown on the
right.

So— S So — ASA |aB|a|SA| AS
S — ASA|aB|a|SA|AS S — ASA|aB|a|SA| AS
A—-B|S A—B|S

B —b B —b

3b. Remove unitrules A —+ Band A — S.

So —» ASA|aB|a|SA|AS So— ASA|aB|a|SA|AS

S — ASA|aB|a|SA|AS S — ASA|aB|a|SA|AS

A— S|b A — b| ASA|aB|a|SA| AS
B —b B—b
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8. We assumed that an automaton works in a framework of discrete time steps, but this aspect has little
influence on our subsequent discussion. In digital design, however, the time element assumes
considerable significance. In order to synchronize signals arriving from different parts of the computer,
delay circuitry is needed. A unit-delay transducer is one that simply reproduces the input (viewed as a
continual stream of symbols) one time unit later. Specifically, if the transducer reads as input a symbol
a at time t, it will reproduce that symbol as output at time t + 1.

At time t = 0, the transducer outputs nothing. We indicate this by saying that the transducer translates
input a;a,as; ... into output A a;a,as; ...

(a) Draw a graph showing how such a unit-delay transducer might be designed for 3, = {a, b}.

9. An n-unit delay transducer is one that reproduces the input n time units later; that is, the input
ala2...istranslated into Anala2..., meaning again that the transducer produces no output for the firstn
time slots.

(a) Construct a two-unit delay transducer on Y, = {a, b}.

(b) Show that an n-unit delay transducer must have at least |¥|" states. (|Q| > |Z|™)
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