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TIME(t(n)) = {X € {0,1}" : 3T € Tvn(timer(n) < t(n))
and T decides X}
SPACE(s(n)) = {X € {0,1}" : 3T € Tvn(spacer(n) < s(n))
and T decides X}
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NTIME(t(n)) ={X € {0,1}" : 3IN € Nvn(timey(n) < t(n))
and N decides X'}
NSPACE(s(n)) = {X € {0,1}" : 3N e Nvn(spacen(n) < s(n))
and N decides X}
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Theorem 3.2 Suppose that f (n)is both time and space constructible. Then
i. NTIME(f (n)) € SPACE(f (n))
ii. NSPACE(f (n)) ¢ TIME(2°¢®™))
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L ¢ NL ¢ P ¢ NP ¢ PSPACE ¢ EXP ¢ NEXP ¢ EXPSPACE |
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FIGURE 2. Inclusion relationships among major complexity classes. The only depicted inclusions which are currently
known to be proper are L ¢ PSPACE |and P < EXP|.
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INFORMATION AND CONTROL 7, 207-223 (1964)

Classes of Languages and Linear-Bounded Automata™®

S.-Y. Kurona

Rescarch Laboratory of Electronics, Massachusetts Institute of Technology,
Cambridge, Massachusetts

0. Let V; and Vy be disjoint finite sets, and put V = V, U Vy.
A grammar G over the lerminal vocabulary Vr and the nonterminal
vocabulary Vi is a semi-Thue system (cf. Davis (1958)) in which the
axiom is an element S of Vy , called the in:tial symbol of G, and for each
production PgQ — PgQ there are strings ¢, ¥, w in V and a string x
in Vy ,such that ¢ = ¢xy and § = gwy. Here P and @ are variables over
strings in V. However, we will denote this production simply by g — g,
dropping variables, and call it a rule of G. In general, for any strings
o, 7in V, we write ¢ — 7 if (o, 7) satisfies a production of G, or in other
words, if there is a rule ¢ — g of G such that ¢ = wgp, 7 = =p for some
7 and p. By ¢ = 7 we mean that 7 is a theorem of G under the premise
o in the sense of the theory of combinatorial system, that is to say,
¢ = 7 or there exist a finite number of strings oy , 03, - -+, o, such that
G—> 01, 01> 0y, """, Gng —> Gy, 0 — 7. A string x in Vi is a sentence
of G, if z is a theorem of G, that is to say, if S = 2. The set of sentences
of G is the language generaled by G, which will be denoted by L(G). It is
a subset of the free semigroup V. ' generated by V. Conversely, a
subset of the free semigroup V" generated by a finite set V; is a language,
if there exists a finite set V; and a grammar @ with the terminals V; and
the nonterminals V. which generates L. G is then a grammar of L. Ac-
cording to Chomsky (1959) G is context-sensitive, if each rule is of the

type
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