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(1) We obtain two new results concerning the inclusion problem of
polynomial time frequency classes with equal numbers of errors.

1. (mm+d)P2(m+1, m+d+1)P for m<2°.

2. (Imm+d)P=(m+1, m+d+1)P for m>=c(d) where c(d) is
large enough.

This disproves a conjecture of Kinber. (2) We give a transparent proof of
a generalization of Kinber's result that there exist arbitrarily complex
problems admitting a polynomial time frequency computation. Several
corollaries provide more insight into the structure of the hierarchy of poly-
nomial time frequency classes. (3) The relationships between polynomial
time frequency classes and selectivity classes are studied.  © 1997 Academic

Press

1. INTRODUCTION

The notion of frequency computation was introduced by Rose [Ros60] and
McNaughton [McN61] in the early sixties and developed by Trakhtenbrot
[Tra63], Kinber [ Kin75] and Degtev [ Deg81]. Let m and n be natural numbers
with n>=m>=1. A function f: 2* - N is called (m, n)-computable if there exists a
recursive operator 7:(X2*)"— N” with the following property. If T(x, .., x,)=
(¥15 . y,) for mutually distinct numbers x; then at least m of the equalities
f(x;)=y;, i=1, .., n are true. Then we also say that f'is (m, n)-computed by 7 or
T provides an (m, n)-computation for f.

We study frequency computations under time restrictions; i.e., we demand that
the operator T be time bounded on input x, ..., x,, by some function #(max |x;|).

Let us define (m, n) TIME(¢) to be the class of all predicates which are (m, n)-
computable in time ¢ and (m, n) to be the class of all predicates which are (m, n)-
computable without any time restriction. In particular, (m, n) P denotes the class of
predicates which are (m, n)-computable within polynomial time.

One of the most fundamental questions is to determine for which pairs {m, n)
and </, k) of natural numbers (m <n, h <k) the corresponding classes (m2, n) and
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(h, k) (or (m,n) TIME(¢) and (h, k) TIME(¢) for given recursive function ¢) are
equal (equality problem) or are comparable with respect to set inclusion (inclusion
problem). It turns out that the solution of these problems depends on whether the
classes are time bounded or not. The first step towards solving these problems was
made by Trakhtenbrot [ Tra63] who proved that (m, n) = REC (=the class of all
recursive predicates) if m/n>1/2. For m/n<1/2, the classes (m, n) contain non-
recursive predicates. For these classes the equality problem has been attacked by
Degtev [ Deg81]. His approach has been successfully completed by Kummer and
Stephan [ KS957:

For m/n<1/2, (m,n)=h,k)y<>sm=hAn=k.

In the case of time bounded frequency classes a solution of the inclusion problem
(and hence of the equality problem) has been given by Kummer and Stephan
[KS95] and McNicholl [ McNic95]. The corresponding result for the polynomial
time case is formulated as Theorem 2.3. It gives an equivalent reformulation of the
inclusion problem in terms of the combinatorial notion of admissibility. It is,
however, not always easy to apply this criterion to decide a specific inclusion
question.

This is why we once more deal with this topic. Our goal is to determine explicitly
under what conditions two given classes (m, n)P and (A, k)P are comparable with
respect to set inclusion. We cannot give a full solution, but for classes with equal
numbers of errors (i.e., n—m=k—h) we prove two theorems by shedding some
light on the inclusion structure of the polynomial time frequency classes. We obtain:

THEOREM 1.1.
(mm+d)P2(m+1,m+d+1)P  for m<2<

So the conjecture of Kinber that (m,n)P = (h, k)P for m/n>2/3 and h/k>2/3
and n—m =k —h is disproved. We cannot say exactly when equality holds, but we
prove

THEOREM 1.2. For all de N there exists a number c(d) such that (m,m+d)P =
(m+1,m+d+1)P for all m= c(d).

We conjecture that one may even take c(d)=2“ but our proof yields a much
weaker bound.

In Section 3 we consider whether one can save time by allowing errors. Kinber
[Kin75] answered this question positively. We prove the following more general
result.

THEOREM 1.3.. Assume 1<m<n, 1<d,0<k for m,n k, deN. Let t be an
arbitrary recursive function. Then

(m+k,n+k+d)P\(m, n) TIME(¢) # &.
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In Section 4 we deal with the relationship between frequency classes and selec-
tivity classes which were introduced by Hemaspaandra et al. [ HJRW95] in that
general form. A motivation for studying this relationship has to do with the
question of whether there exist NP-complete problems that are polynomial time
frequency computable. For more details see Section 4.

2. THE HIERARCHY OF TIME BOUNDED FREQUENCY-CLASSES

We consider the inclusion and the equality problem for classes (m, n) TIME(?)
and (m',n') TIME(z) for m/n>1/2 and m'/n’>1/2. As Trakhtenbrot showed,
(m, n)=REC for m/n>1/2 one would expect (m, n)P =P. This is, however, not
true, as proved by Kinber [Kinb75]. In the next section we give a transparent
proof of his result that there exist arbitrarily complex sets in (n—1, n) P.

For ease of notation we state our results in this section for polynomial time
bounds. It is easily seen that they can be generalized to arbitrary time bounds 7. We
start with some easy inclusions of (m, n)P-classes.

THEOREM 2.1.

. (mn)Pc(m,n')P for n<n’'
2. (myn)P<(km, kn)P for k=1
3. m+k,n+k)P=(m,n)P for k=0.

The following definition introduces a local version of (m, n)-computability. It was
given by Degtev [ Deg81] and leads to a very natural combinatorial view on the
inclusion and the equality problem of frequency classes.

DEFINITION 2.2. Assume | <m <n<sform,n, seN. Aset V={0,1}* of binary
vectors of length s is called (m, n)-admissible iff for every n numbers 1 <x, < --- <
x,, < s there exists a vector (y,, y,, ..., ¥,) such that for each ve V at least m of the
n equations v(x;) = y, are true.

Here v(k) denotes the kth component of v. One could say that a set V' is (m, n)-
admissible if it locally admits a solution.

Let ¥'={0, 1}* be (m, n)-admissible. For each sequence | <x,; < --- <x,<s and
corresponding vector (y,, y,, .., y,) we define a vector ze {0, 1, x}* by

. y; if i=x;
z(i) = .
* otherwise.

These z are considered to be rows of a table 7. For vectors u, ve {0, 1,x}* we define
their Hamming distance by

d(u, v) = | {iz u(i) # v(i) A u(i) #% A v(i) £ %},

Evidently, V is (m, n)-admissible if and only if there exists a table 7 with the
following properties:
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1. For each sequence 1<x,< --- <x,<s there exists exactly one vector
ze T with z(i) =« if and only if i ¢ {x, ..., x,}.

2. dlu,v)<n—mfor allueT and ve V.

Thus we say that V' is (m, n)-admissible via 7.
Now we give a theorem of Kummer and Stephan [KS95] which reduces the
inclusion problem for classes (m, n) P and (m', n') P to finite combinatorics.

THEOREM 2.3 [KS95]. For 1<m<n and 1<m'<n', (m,n)P=(m',n")P iff
any (m, n)-admissible set V <= {0, 1}™"") js (m', n')-admissible.

We use this reformulation of the equality problem for classes (m, n)P to prove
Theorems 1.1 and 1.2 via Propositions 2.4 and 2.6.

PROPOSITION 2.4. Let m <2% Then there exists a set V.<={0, 1} 9+ which is
(m, m + d)-admissible but not (m+ 1, m+d + 1)-admissible.

Before we prove this proposition let us consider an example of the construction
of a set which is (m, m+ d)-admissible but not (m+ 1, m +d—+ 1)-admissible in
order to obtain the main ideas of such a construction. This may cause an easier
understanding of the general proof. Let us consider an extreme case, for instance
d=2and m=27—1=3.

First we choose a set W< {0,1}=1{0, 1}* with |W|=m + 1=4. In this case we
have only the following possibility:

W= {wy, w,, wy, ws} ={11, 10, 01, 00}.

Now we construct a set Ve{0,1}° which is (3, 5)-admissible but not (4, 6)-
admissible. Let

V: Vl v Vz
with
Vi={vy, v,, 03, v4} = {11 0000, 10 0000, 01 0000, 00 0000}
V,={vs, Vs, U7, g} = {11 1000, 10 0100, 01 0010, 00 0001}.
Note that all vectors of V; start with an element of W and end with four 0s. The
vectors of V, start also with an element of W and have exactly one 1 among the
last four components, but each in a different place.

We have to show that V is (3, 5)-admissible. Consider the table 7 defined as
follows:

zZe 110 0 0 =
zs 1 0 0 0 % O
z, 01 0 = 0 O
zz 00 = 0 0 O
z, 0« 0 0 0 O
zz *» 00 0 0 O
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As we can easily see d(z;,v;)<2 foralli=1,..,6 and j=1, .., 8. Hence Vis (3, 5)-
admissible via T.

It remains to verify that ¥ is not (4, 6)-admissible. Assume V is (4, 6)-admissible;
then there exists a vector ze€ {0, 1}° with d(z, v) <2 for all j=1, .., 8. We try to
find out how it looks.

If z(1)=2z(2) =1 then, because of d(z, v,) <2 and d(z, vg) <2, both z(6)=0 and
z(6) =1 must hold. But this is not possible. By symmetry, the other possibilities for
z(1) and z(2) also lead to a contradiction. Since there is no possibility to choose the
first two components of z, such a z cannot exist. Thus, V' is not (4, 6)-admissible.

Now we prove Proposition 2.4.

Proof. We choose a set W<{0,1}¢ of cardinality m+ 1. This is possible
because m <2 Let W={w, .., w,,.} and define we {0, 1} by w(j)=1—w()).
Let

5 0 for i#j
71 for i

Now we construct V< {0, 1}”+<+":

V= U Vi,

with
Vi={05,(1), s W(d), 0, ., 0) i =1, .o m+ 1}
Vo={(W;(1), s Wi(d), 0; 10 Oy ppin) 1i=1, om+ 1}
Vi={(w;(1), ... wi(d),0,..,0):i=1,...,m+1}
Va={(w;(1), ..o wi(d), 1,0,..,0):w, ¢ W}
Vs={(w(l), .., w(d),0,..,0):w,wé¢ W}
Ve={(w(1), . w(d), 1,0,..,0):w,we¢ W}.

We have to show that V is (m, m+ d)-admissible but not (m+1,m+d+1)-
admissible.

1. Vis (m, m+ d)-admissible. Define the table 7 to have exactly the vectors

and
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Define
a(u, v) = [{i: 1 <i<d A u(i) #v(i) A u(i) #% A (i) # %}
and b(u, v) by
d(u, v) = alu, v) + b(u, v).

We show that V' is (m, m + d)-admissible via T; i.e., d(y, v) <d for every ye T and
ve V. Let yeT. If y is of the form (1), then, for every ve V, we have a(y, v) <d—1
and b(y,v) < 1. If y is of the form (2), then we distinguish four cases.

. veV,uV5;uVs. Then we have a(y, v)<d and b(y, v)=0.
2. veV,. Then b(y,v)<1 and a(y, v) <d unless

v=1w,(1)---1,(d)0---010---0.
[
1—1

But in this case, b(y, v) =0 as the only nonzero bit matches x.

3. veV,, say v=(w,(1), .., w;(d),0, .., 0). If a( y, v) =d, then y(j)=w,(j) for
j=1,..,d Hence w,=w, for some [, but this contradicts w,e W. Hence, for all
ve V, we have both a(y, v)<d and b(y,v) < 1.

4. veVgy, sayv=(w(l),..,w(d), 1,0, ..0) with w, w¢ W. If a( y, v) =d we get
the same contradiction as in Case 3. So we have again a(y, v) <d and b(y, v) < 1.

2. We show that V is not (m+1, m+1+d)-admissible. To this end, let
ye{0,1} 9+ and define ue {0, 1} by u(j)= y(j) for 1 < j<d. We discuss the
following three cases.

If u e W then there exist v, € V; and v, € V, such that v;(j)=1—u(j)=1— p(J)
fori=1,2and j=1,..d But v,#v,so that d(y,v,)>d+1fori=1ori=2.

If u¢ W and we W then there exist v;e V5 and v, eV, such that v,(j)=
u(j)=1—y(j)fori=3,4andj=1, .., d Butvy#v,so thatd(y,v;)=d+1fori=3
or i=4.

If u¢ W and i¢ W then there exist vse Vs and vge Vi such that v,(j)=
u(j)=1—y(j)fori=56andj=1,..,d But vs #vsso that d(y,v;)=d+1fori=5
or i=6.

Since there is no possibility of constructing a vector y without making more than
d errors, V' is not (m+ 1, m+d+ 1)-admissible. ||

From the last proposition and the fact that (m,m+d)P=2(m+1,m+d+1)P
we get (m,m+d)P2(m+1,m+d+1)P for m<2? Hence we proved Theorem
1.1. It is very natural to ask what happens for m =29 We conjecture

(mm+d)P=(m+1,m+d+1)P for m>27

But we succeeded only in proving the weaker result in Theorem 1.2.
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In preparation for this proof let us recall Ramsey’s theorem. For a set X, let
XPl={ycXx: |y =2}

THEOREM 2.5 (Ramsey’s theorem [ Gra90]). For all n, ge N there exists R(n, q)
so that for all N> R(n, q) and any mapping ¢: {1, .., N}'21 > {1, .., q} there exists
a subset M < {1, ..., N} with |M|>n such that p(M")={p(X): Xe M*1} is a
singleton.

PROPOSITION 2.6.  For every de N there exists a natural number c(d) such that for
m=c(d) every (m, m+ d)-admissible set is (m+ 1, m+ d+ 1)-admissible.

Proof. Let deN be given. We choose an m and assume that there exists a V' <
{0, 1} +“*+1 which is (m, m + d)-admissible, but not (m + 1, m + d + 1)-admissible.
Using Ramsey’s theorem we want to show that this is impossible for large m.

Let zy, 25, ws Z,, . 41 De the rows of a table T with z,(i)==+ such that V is
(m, m + d)-admissible via T.

Cram 1. Fori=1,..,m+d+1 there exist vectors f;, g,€ V with

f;(l):()’ gl(l):l7 and d( i l)_d(gl’ I):d

Proof. 1f % in z; is replaced by 0 or 1 we get vectors z{*) and z'", respectively.
Since V' is not (m+ 1, m + d + 1)-admissible, there exist vectors f;, g;€ V such that
d(f;,zt")y>d+1 and d(g;,z!”)>d+1. On the other hand, V is (m,m+d)-
admissible, and this means d( f;, z;) <d and d(g;, z;) <d for all i and j. From these
statements we easily conclude the claim. [J

Let us consider the mapping
o {1, om+d+ 11121510, ..,2d} x {0, .., d} x {0, ..., d}
defined by

o(i, J) =(d(z;, 2), d(fi 2)), d(g;» 2)),  for i<

Let ¢ =(2d+ 1)(d + 1)? denote an upper bound of the cardinality of the range of ¢
and let n =29+ d + 2. Ramsey’s theorem (Theorem 2.5) implies that for m+d +1>
R(n, q) there exists a subset M = {1, .., m+d+ 1} with |M|=n such that the image
of M1 under ¢ is a singleton, say {(k, x, y)}.

First of all we note that x = y =d is impossible. This follows from

CLamM 2. x=#y (mod2).

Proof. For arbitrary i, je M, i< j, we consider the vectors f;, g;, z;. Without
loss of generality we assume z, to be of the form shown as follows. Since f; and g;
may differ in at most 2d components, f; '(1)n g, (1) # &.
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Without loss of generality this appears as follows:

d
. N

fio L., 1L,.,11,.,1,1,.,10,..,0,0,..0,0,..0,0,..,0,0,0,0, ..
g: 0.,00.,01,.,1,1,..,1,1,..,1,1,..,1,0, .., 0,0, ..,0, 1,0, 0, ...

— 7

. 0,.,0,0,..,0,0,..,0,0,..,0,0,..0,0,..,0,0, ..0,0, ..0,%0,0, .
z: 1,.,1.,0,.,0,1,..,1,0,..,0,1,..,1,0,..,0,1, ..., 1,0, ..., 0, ¢, %, 0, ...

S S S S
al a b1 by

The following equations must hold:

(i) x=d(f,z)=d—(a;+a)+b +b,+c
(ii) yzd(giaZj)zd_(a2+bl)+al+b2+1_c

Adding both equations we get
2d—2a,+2b,+ 1=x+y.
This shows that

x#y (mod2). |
By symmetry we can assume x <d and by choice of M, we have

n—l—max|{]eM J>ind(fi, z;)=x}|.

We prove

CLAIM 3.

max [{jeM:j>ind(f;, z)=x}|<2/+d.
ieM

Proof. We consider a vector f;, the corresponding row z,, and another row z;
such that d(f;, z;) = x holds. Without loss of generality they have the followmg
form:

d

/_/R i
fi 1,.,1,1,.,1,0,.,0,0,..0,0,0, ..

0,..,0,0,.,0,0,..0,0,..,0, %0, ..
i 1,.,1,0,.,0,1,.,1,0,..,0,¢,0, ..
——

————
a b
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How many rows z; of this form can exist? There are at most d of them which can
have the star (x) under the first d components. If the star is not under the first d
components, the following two equalities must hold:

(1) a+b=dz;z)=k,

i “j

(i) d—a+b+c=d(f;,z)=x.

Since x < d, we get from (ii) b —a + ¢ <0, hence 2a >k — 1 and 2b < k. Thus a may
be any value between [ (k— 1)/2] and d. Since k € {0, ..., 2d}, the maximal possible
range for a is {1, .., d}. Thus we have no more than 2 possibilities to choose 1s
under the first d components. Each of these possibilities gives rise to at most one
z;. To verify this, let us assume there exist two vectors z; and z; being equal on the
first d components and having a s there, 1 <a<d. Each of them has exactly b
further 1s so that their hamming distance is bounded by 2b. As 2b <k, this con-
tradicts the assumption d(u, v) =k for all rows u #v. Thus, altogether we have at
most 29+ d vectors z; with the property d(f;,z;)=x. |

By definition we have that n =29+ d + 2. But from Claim 3 we get n <29+ d+1
which implies a contradiction. We have thus proved that every (m,m+d)-
admissible set is (m+ 1, m+d+ 1)-admissible for m+d+ 1> R(n, q) = R(27+
d+2,2d+1)(d+1)%). 1

From Proposition 2.6 and Theorem 2.3 we get Theorem 1.2.

3. MORE ERRORS MAY SAVE TIME

The idea of frequency computations is to get a faster solution of a complex
problem by allowing some errors. That this is possible was proved by Kinber
[Kinb75]. He showed that there exist arbitrarily complex functions in (n—1, n)P.
But the proof is hard to understand. We get his result as a special case of a more
general result (Theorem 1.3) which moreover gives some insight into the structure
of the hierarchy of polynomial time frequency classes. We need some preparatory
steps.

1. We consider step counting functions s of Turing machines which are strictly
increasing in the following sense:

m<n=>s(0")<s(0"). (1)

One easily verifies

Lemma 3.1.  For every recursive function t there exists a step counting function s
with property (1) majorizing t.

2. For a step counting function s having property (1) we define inductively a
sequence of words:

W1=0

Wy = 05 (e=b),
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Let
k) = [w
and
S={wy, w,, ..}

Lemma 3.2. S is decidable in polynomial time.

Proof. Let M be a Turing machine computing exactly s(n) steps on inputs of
the form 0”. We describe a polynomial time decision procedure for S.

Inputs not having the form 0 are refused. For inputs of the form 0% we generate
the sequence w,, w,, ... word by word. If w, is generated, M uses it as input, and
in each step of M a unary counter for s(|w,|) is incremented. This yields w, . ;. The
input is accepted if and only if there exists an i such that w,= 0.

Because of the monotonicity of s, at most k initial words of 0 can be generated.
Hence the procedure needs no more than ck? steps for some ¢>0. |

3. Let M, M), ... be an effective enumeration of all Turing machines having a
clock ¢ (¢ being a recursive function). Let the list M}, M}, ..be generated by an
algorithm A.

Define recursively M, = M, and if M;= M then

M, if A generates the list (M, ..., M})
M within A(i + 1) steps
YML, if A generates the list (M, .., M}, M} )

within A(7+ 1) steps.

So we can assume an effective enumeration M, M,, ... of all Turing machines
working within time bound ¢ such that M, can be determined within A(7) steps given
input i. Now we are ready to prove Theorem 1.3.

THEOREM 1.3. Assume 1<m<n, 1<d, 0<k for m,n, k, deN. Let t be an
arbitrary recursive function. Then

(m+k,n+k+d) P\(m, n) TIME(t) # &.

Proof. The proof is based on a wide space diagonalization argument. This is a
common method which was used for instance by Amir and Gasarch in [ AGS88]
and Kummer and Stephan in [ KS91]. One of the first to use wide space diagonal-
ization arguments was Ladner [ Lad75].

For the given recursive function ¢ choose a step counting function s according to
Lemma 3.1 and using this s, define S and 4 as above. In particular, we have

((wil) <[wieia . (2)
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We introduce a partition S=S,US,uU --- by defining sets §; having exactly
n+ k + d elements:

S;={Wintkrdyjmnskrd—1)s s Wnsksay ) -

If T; denotes the operator T;: (2*)" — {0, 1}” computed by M, we define n values
which T; yields if it is applied to the n smallest elements of S;:

(y(n+k+d)j7(n+k+df1)’ s y(n+k+d)j7(k+d))

= ]—vj‘(w(n+k+d)j7(n+k+d— 1)s > W+ k+d) jf(k+d))-
Making use of these y, we introduce the function f: Z* — {0, 1},

11—y, if x=w, and v is of the form v=(n+k+d) j—c
Sflx)= where k+d<c<n+k+d—1

0, otherwise.

We verify that f'¢ (m, n) TIME(?), but fe (m+k,n+k+d) P.

1. f¢(m,n) TIME(z). Assume that M, provides an (m, n)-computation of f.
Apply T; on the n-tuple of the n smallest elements of S;. The first line of the defini-
tion of f shows that

If n—m+d<n, T, makes n —m+d>n—m errors,

If n—m+d>n, T, makes n>n—m errors, which contradicts the assump-
tion. Hence, no M; provides an (m, n)-computation of f.

2. fe(m+k,n+k+d)P. To show this we construct a polynomial time
operator T: (X*)" 54 0, 1}" %4 computing f with at most n—m + d errors.
T will be defined to be symmetric, i.e., its value does not depend on the order of
its arguments. Therefore, we always assume the arguments x,, .., X, . ., to be
given in the lexicographic order x; <x, < --- <X, , ;.4 We now describe the con-
struction of

(Z1s oo Zngisa) = T(X1s s Xy ke 1 a)-

For this purpose we define j,, to be the largest js.t. S, {x}, ..., X, ;1 4} # . Then
we put

z;=

{0 if x;€8;, AIS, O{X1, 0 Xpipraf| <n+k+d
f(x;) otherwise.

We notice that z;= f(x,) with at most n —m + d exceptions. These exceptions may
oceur if x;€8; A[S; N {X{, ., X,y k)| <n+Kk+d, because in this case we have
z;=0 and f(x;) =1 by the first line of the definition of f. But by the definition of
f this is possible for no more than n —m + d arguments. This shows that T is an
(m+k, n+ k + d)-computation of f.
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Finally, we have to verify that 7 is computable within polynomial time with
respect to |x, 4| for any given tuple (x, ..., X, o). At first, we test which of
the x; are in S. For those that are, we determine j and / with x,=w, , s, 4 ,_, for
0</<n+k+d—1. By our Lemma 3.2 this needs polynomial time in |x,, ;. 4|.

Now we compute z; for i=1, .. n+k+d.

If x;e S, and |S; N {X1, 0 Xy i1yt | =n+k +d, then we have to compute

T;,”(W(n+k +d) j,—(n+k+d—1)s > Wntk+d)j, —(k +d))- (3)

If x; belongs to the n smallest elements of some S, j #J,,, then we have to compute

Ti(w(n+k+d)j7(n+k+d—l)a “es W(n+k+d)j7(k+d))' (4)

In all remaining cases z, =0, which requires only constant time. To compute (3) we
have to

o determine M, and
o apply M; 1O (Wiuiksdyjy—ntk+d—1)s s Wintktd) j,—(k+d))-

The former requires

M Jm) = |ij| < |W(n+k+d)jmf(n+k+dfl)| S R

steps; the latter requires

t(|1/v(n+k+¢l)jm—(k+d)|) < |W(n+k+d)jm—(k+d—l)| < |W(n+k+d)jm| =Xy ik 4al

steps. Notice that X, . s=Wuikia),, S X, 4 q€S; . The first inequality
follows from (2).
The argument for (4) is nearly the same. By (2) we get

t(|w(n+k+d)j7(k+d)|)< |W(n+k+d)j7(k+dfl)| <X ikral

Here it is important that w, x4 ;& +a—1, OF some larger element of S belongs
to (X1, X4 k4 q) SO that |x,, ., .| majorizes the computation time. Hence, we
can perform all steps within polynomial time with respect to |x, .. 4|- |

For m=n, k=0 and d=1 we get

CorOLLARY 3.3 [Kinb75]. For arbitrarily large recursive t there exist functions
fe(n—1,n) P\TIME().

Remark. Kinber [ Kinb75] proves that P can be replaced by TIME(id).
If the set S is defined by
w;=0

2l
Wita =0 >
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Lemma 3.2 remains valid, and we can prove in exactly the same way that Theorem
1.3 remains valid if TIME(z) is replaced by P. This gives several important
corollaries.

The following three corollaries follow already from Theorem 2.3. We mention
them here once more explicitly to get Fig. 1 as complete as possible. From
P<=(2,3)P and (2, 3) P\P # J (Theorem 1.3) we get

COROLLARY 3.4.
P=(2,3)P.

For k=0 and d=1 we get (m,n+1) P\(m, n) P# & which shows, that state-
ment (1) of Theorem 2.1 is a strict inclusion:

COROLLARY 3.5.

(m,n)P=(m,n+1)P.

Finally, we see that no frequency class is contained in another frequency class
with a smaller number of errors.

COROLLARY 3.6. Ford>1and k>0,

(m+k,n+k+d)PZ(mn)P.

In order to summarize the results obtained on the hierarchy of the polynomial
time frequency classes we now mention some more results.

THEOREM 3.7.

1. [Kin75]. (,3)P=(2+k 3+k)P for k>1.
2. [Hin9%4]. (4,6)P=(4+k 6+k)P for k>1.
3. [KS95]. (2,4)Pc<(3,6)P.

4. [KS95]. For all meN there exists a number /, such that for all 2> h,,
(m, 2m) P = (h, 2h) P holds.

5. [KS95]. Form<heN, (m2m+1)P\(h,2h+1)P# .
The proof of number 3 can be generalized so that we get the following result:
THEOREM 3.8. Ford, keN, d=>2, k>0, (d+k,2d+k)P=(d+k+1,3d+k)P.
Some other inclusions can be proved similarly; e.g., one can show that

« (2,5 P=(3,8)P
e (4,7)P<(6,11)P.
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4,10)pP

(3,89)P
(1 4)P 4 / +
-(5,11)P

49p ~ ~
(37)P’ - 49

(L3P , ( 5P / 4
* (5,10)P
4,8)P
4 (2,4)P /V G, 6)P / 4
(1,2)P
P / / 4
®, lI)P
(5.9)P
/ f G, 5)P —» & 7) P *
_yp 23)P
(1,1)P / *
7,12)P
6P /V GHP 6 IO)P *
G4)P
/1‘17 @, 13)P *

2,2)P / 15)p
/ s 7)P /V , 9)P
@,5P 1
(3,3)P o 14)P (10,16)P
/ (7 IO)P s (8,12)P *
6P (6,8)P /V
“.4p (10 15)P (11,17)P
/ 6. “)P 9 9,13)P
/V
7P (7,9)P
(5.5P LLI6P (12,18)P
/ (9 I (10 14)P
(8,10)P —¥

(6.6)P (1,.8)P

-~ 7 incomparability equality / conje.cture ° inclusion
e / /? equality /

FIG 1. The hierarchy of the frequency classes under polynomial time bounds. Note that, for clarity
reasons, not all known results mentioned in the paper are incluced.

4. SOME CONNECTIONS BETWEEN SELECTIVITY CLASSES
AND FREQUENCY CLASSES

Theorem 1.3 shows that there exist arbitrarily complex problems which are fre-
quency computable in polynomial time. A natural question is whether this is
possible for NP-complete problems.

It has been proved [KS95], [Ogi94] that the (m, n)-computability of SAT
implies P =NP. (We discuss this result at the end of this section.) Selman studied
the concept of semirecursive sets introduced by Jockusch [Joc68] in a polynomial
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time setting and proved that if SAT is P-selective, then P=NP. Are these two
collapse results related to each other? To answer this question we compare the
P-selective sets with the frequency computable sets.

According to [Sel79] we define

DerINITION 4.1. The set A4 is called P-selective iff there exists a function f (a
selector for A) computable in polynomial time such that

L flx, y)e{x, »},
2. xedvyed=f(x,y)eAd.

Let P — Sel be the set of all P-selective sets.
In analogy to the statement that any semirecursive set is (1, 2)-recursive (see
[KS91]) we have

Fact 42. P—Sel=(1,2)P.

We get this result as a special case of Theorem 4.6.
Hemaspaandra et al. [ HJRW95] introduced a more general version of P-selec-
tivity, the multi-selectivity. We give their definition in a slightly modified form:

DEerFINITION 4.3.  S(k) is the class of all sets L < X* for which there exists a func-
tion f'€ FP (an S(k)-selector for L) such that for each n =1 and any mutually distinct
input Strings ¥y, .., Vn»

Lo f(¥1s e Vo) E{V1s e ¥u} and
2' |Lm{yla"'a yn}|>k:f(ylaa )/n)EL'

The following results were proved in the paper mentioned above.
Fact 44.

I. S(k)cS(k+1) for each k>1,
2. S(1)=P —Sel.

We now investigate the relationship between the classes (m, n) P and S(k).

THEOREM 4.5. For all k=1, m,n (m<n)
(m, n) P& S(k).
Proof. Because of Kinber’s result (Theorem 3.7) it is sufficient to prove

(2,3) P\S(k) # &. (Note that (2,3) P is the smallest polynomial time frequency
class.) We consider the set

S= {VVI, Wz, ...},

where

w;=0

bl
W, 1 =02",
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Let M,, M,, ... be an effective enumeration of all polynomial time Turing machines
computing all possible polynomial time selectors f;, f, .... By diagonalizing against
all polynomial time computable selector functions we construct a set 4€(2,3) P
such that 4 ¢ S(k) for all k> 1. Let

S=S,uS,uU -,
where

Sy =AW 42 1=t 10 Wik 2) j— koo 0 Wik 2) 13-

We define 4 by

1. xed, if x¢§ or there exists a j such that x=w ) ;.
20 Wiy n®AAW 2, €Aforhi=1,.,(k+1),i#h

<:’>fj(w(k+2)j—(k+1)s Wik +2) j—k> s W(k+2)j—1) =Wk +2)j—h-

It follows immediately from the definition of 4 that no f; can be an S(k)-selector
of A. Hence, A ¢ S(k).
But 4 €(2,3) P. To show this, we consider the operator

T(xy, X2, X3) = (uy, Uy, u3),

which is defined as follows:

. If x;¢SorV,x,=wy, ., then u,=1.
2. Let jia, be the largest j such that S, {x,, x,, x3} # .

30 Ifx;=wuqay ;=1 ., (k+1) and j < jy.x, compute

v =f,-(W(k+2)j—(/<+1)a s Wik +2) ‘/—1)

and let

- 0 i v=wy 2,
! 1 otherwise.

4. We now consider the case where [S; n {x, x,, x5} =3.
(a) If (x;,x;,x3)= (W(k+2)_/m,“7/|a Wk +2) jax — > W(k+2)jm”7/3)a 1<y, 1,
L<(k+1), then uy=u,=uy=1.
(b) I x5=wyya, and x;=wg s, —;, ie{l,2}, 1<[;<(k+1), then
compute

v=1,

Jmax

(W42 = e 1) 25 Wik 42) 1)
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and let for ie {1,2}

0 U:M}(k"'z)jmux_li
1 otherwise

and
uy=1.

5. I 1<|S; n{x, x5, x5 <2, then y;=1if x,eS, .

Clearly, this 7' (2, 3)-computes c,: Only in cases 4(a) and 5 can errors occur,
actually at most one error. 7" is computable in polynomial time. The argument is
practically the same as in the proof of Theorem 1.3. ||

THEOREM 4.6. For any k=1 and any m>1,
S(k)ycs(m,2m+k—1)P.

Proof. Let Ae S(k). We have to define a polynomial time operator 7" which
(m, 2m + k — 1)-computes A.

Let f be an S(k)-selector function. We consider a (2m+k—1)-tuple
(X1 s X2 4 x—1) and assume w.lo.g. that the indices are chosen so that

S (X1 s Xy k1) = X k1

f(xls (] x2m+k72) =Xom+k—2

SO0 s X k) = X e
Now, we define

T(X 1y oy Xy 1) = 0...0 1...1.
m+k—1 m

The claim is that this 7 computes 4 with at most m+k—1 errors. Let
i=[AN{X], s Xomar_1}]

Case 1. izZzm+k—1.
In this case, all 1s are correct, i.e., we have at least m correct outputs.

Case 2. k<i<m+k-2.
In this case, the last i—k+1 1s are correct, and the remaining Is need not be
correct, because an S(k)-selector applied to a set with less than k elements from A4
need not output an element from A. Therefore, kK — 1 0s could be wrong. Hence, we
have m+k—1—(k—1)=m 0Os which are correct. So, altogether, we have
i—k+14+m>=m+1 correct outputs.

Case 3. i<k-—1.
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None of the 1s need be correct. Furthermore, i of the Os could be false. There
remain m+k — 1 —i>m correct Os.
T is computable in polynomial time because /'€ FP. |

The next two theorems show that Theorem 4.6 gives the optimal embedding of
the S(k)-classes into the hierarchy of the polynomial time bounded frequency
classes.

THEOREM 4.7. For all k> 1
S(k)Z(1,k)P.

Proof. Let M,, M,, ... be an effective enumeration of all polynomial time Turing
machines computing all possible polynomial time operators 7T, T, .... For fixed k
we now construct a set 4 which is in S(k) but not in (1, k) P by diagonalizing
against all polynomial time operators 7, T»,... We make use of the set
S=S,uS,u .- introduced in the proof of the previous theorem with the only dif-
ference that

Si= {1yt Water 1) = e 195 o0 Wate 1) -

Then A is defined by
l. xed,if x¢SorV,x=wy,i);

20 Let Ti(Wiatyjmis s Wika 1) j—1) = (Mg 1) j— ks s U+ 1) j—1)- Then
P -
NN i Waeny j—1€A<=ug 1y, 1=0.

From this definition of A4 it follows directly that 4 ¢ (1, k) P, because each operator
T, makes k errors when it is applied to

(X1, X025 ey Xp) = (W(k+1)j7k9 Wht1)j—(k—1)s = W(k+1)171)~

Now we give an S(k)-selector for A. For all n>1 and input strings x;, x5, ..., X
with mutually distinct x; and x; <x, < --- <x, we define f as follows:

n

1. If among the arguments there exists an element not belonging to S, then
S(xy, x5, .y X,) =X, if i is the smallest index j s.t. x;¢S.

2. Otherwise, if among the arguments there exists some wg, ;, then
S(xq, x5, 00 x,) =X, i 7 is the smallest / s.t. V; x;= w1 ;-

3. If none of the preceding cases applies we have the case A/_, V,;Vi_,
(x,€S8; Ax; =Wy, ) I n<k, let f(x,,..,x,)=x,. If n>k, we proceed as
follows. Making use of the second line of the definition of 4 we check whether there
exists at least one element among x,, x,, ..., X,,_; Which belongs to A. If there exists
such an element, let x; be the smallest of them and let

f(xy, e X,) =X,

Otherwise, put f(x;, ..., X,,) =X, _ 1.
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Finally, we verify that f is an S(k)-selector for the set 4. We have to show that
S outputs an element from the input string {x, .., x,} which is in A4, if there are
at least k elements from the input string in A. In the cases 1 and 2 there is at least
one element which is in A. This becomes the output for f. So we have a correct out-
put, if there are at least k elements in A.

In Case 3 we first test whether there is an element of {x, .., x,, .} in 4 for sure.
If we find one, this is a correct output of f. If not we can output an arbitrary
X;€{X, 415 X,}, because if there are k elements from {x,, .., x,} in A4, then
these must be the elements x,,_,, , ..., X,,.

fis computable in polynomial time with respect to |x,|. The test whether an x;
lies in S and if yes in which S; and whether it is the largest element in S; is possible
in polynomial time. In Case 3 we have to compute at most n — k polynomial func-
tions 7}, but only at arguments which are all smaller than x,. So the worst case
which can occur is that x,,_,, x, _x, 1, .., X, are in S; . Then we have to compute
(X, ks e» X,,_1) Which is polynomial in |x,|. |

Jmax

THEOREM 4.8. For all k,m>1,
S(k)z(m,2m+k—2)P.

Proof. Our goal is to construct a set A such that A¢(m,2m+k—2)P but
having an S(k)-selector fe FP. We use the set S=S§,0S,uU --- with §,=
{Wamsk—2) ) @mik_3)> = Wamik_2) ;- We make use of the shorthands Y,=

Ti(Wamsk—2) j— emsk—3)s s Wamsk—2) ) = (Vam+k—3)> = Vo) and d=(2m+k—2)
—m=m+k—2. The set A is defined by:

1. xed,ifx¢SorV,x=wao,,r_ 2,
Otherwise,

2. S,cd,if [{i:y,=0}|=d+1.
3. Sind=g, if [{i: y;=1}>d+1.

Assume that none of the cases 2 or 3 applies.

4. If |{i: y;=0}|=d—1, 0<I<[d/2], then let iy, .., i, be the (/+ 1) largest
indices st. y, =y, =--- =y, =1 In this case S;nA=S\{Wapir_2 i
W(2m+k72)j7i,}‘

If Case 4 does not apply, then
5. If {i:y,=1}|=d—1, 0<I<[d/2], then let iy, .. i, the (/+1)-smallest

indices st y,=y;=---=y;=0. In this case S;nA={Wanir_2) ;i =
W(2m+k72)j7i,}'
Notice that both [d/2]<|{i: y;=0}|<d and [d/2] < |{i: y;=1| <d can happen
simultaneously, but then Case 4 has priority over Case 5.

It is easy to verify that A¢(m,2m+k—2)P. Indeed, assume that T;
(m, 2m + k —2)-computes 4. By definition of 4, T; makes at least d+ 1 errors on
S;. Now we give an S(k)-selector f for A.
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For a given set X with at least £+ 1 elements, we define f(X') as follows. First,
we determine in polynomial time which of the elements of X do not belong to S or
for which there exists a j such that x=w,,, 4 _») ;. If there exist such elements,
define f(X) as the smallest of them. Otherwise, we determine (also in polynomial
time) to which S, the elements of X belong. For all x¢.S; . we exactly compute
whether they belong to A or not. If there exist such elements belonging to A, then
let f(X) be the smallest of them. Otherwise, define f(X) as the smallest element
of §; .

This function f is an S(k)-selector for 4. To verify this we distinguish several
cases. We always assume that X contains at least k elements from A, since otherwise
there is nothing to be shown.

Case 1. X contains an element x¢S; from 4. Then the smallest element of
this kind is chosen by the function f, i.e. f behaves correctly.

Case 2. No element from X \Sjmax belongs to A. We consider the following sub-
cases where now ¥, ={¥,,1_3, - Vo)

1. If {i:y;=0}|>d+]1, then S, <A and therefore the smallest element of
belongs to A.

2. If it y;=0}|=d—1,0<I<[d/2], then if for the smallest element of S,
the corresponding y; equals 0 it belongs to A by definition. Otherwise, according to
Case 4 of the definition of 4 at least this element is in A, because of

S.

Jmax

Hi:y;=1}|=C2m+k—=2)—|{i: y;=0}|=2m+k—-2—(d—)=m+I1>1+1.

3. If |{i: y;=0}| <[d/2], we distinguish two subcases.

(a) m<[d2]
In this case, 2m+k —2—[d2] =m+d—[d/2] <|{i: y;=1}|. According to Case 5
of the definition of 4 we represent |{i: y,=1}|asd—/and get m+d—[d/2] <d—|,
which yields /+ 1 <k/2. But this means that S; N A contains less than & elements.
Thus we have no requirement to f.

(b) [d2]<m In this case we get |{i:y,=1}|>m+d—[d/2]>d. By
Case 2 of the definition of 4 we get S; N A= (. Hence, again, f needs not to
satisfy any condition.

Finally, we see that f'is computable in polynomial time in the same way as in the

preceding proofs. ||

The next theorem shows that, for a frequency greater than 1/2, none of the selec-
tivity classes is included in any of the polynomial time frequency classes. (See
Fig. 2)

THEOREM 4.9. For all m,n m/n>1)2,

S(1)Z(m, n) P.
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(1,4)P (2,6)P (3,8)P (4,100P . ..

-
/ inclusion - incomparability

FIG 2. Relationship between selectivity and frequency classes.

Proof. To keep the proof easy we restrict ourselves to the case (m, n)=(2, 3)
and show P —Sel £(2, 3) P. The general case can be treated similarly.

Our goal is to construct a set 4 such that A ¢(2,3) P but having a selector
f€FP. We make use of the set S=S,0S,U --- with §;={ws; 5, wy, |, wy}.

The construction of 4 makes use of an auxiliary function «, defined on S.

0 if the majority of the values of T;(wy;_,, wy; 1, wy))
a(j)= equals 1
1 otherwise.

The set A is defined as follows:

xed<\/(xeS; na(j)=1).

J

It is easy to verify that 4 ¢ (2, 3) P. Assume 7; (2, 3)-computes A4. If «(j) =0, then

at least two components of 7;(ws;_,, wy;_, w3;) have the value 1. But An S, = .

Hence, T; makes at least two errors on S,. If «(j) = 1, then at least two components

of T; (w3j,2, w3, 1, w3;) have value 0. As S €A, T; makes at least two errors on S;.
Now we give a selector f for A4:

f(x, y)=f(y, x) forall x,y

=min(x, y) for x, y¢ S

=min(x, y) for xeS; A yeS§;

xif yeSAxeS

=yifxeS;,AyeS;ni<jra(i)=0
1

R S
S S S
=
T =Tz <=z
I

=xifxeS;AyeS;ni<jna(i)=
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We verify that f'is a selector function for 4. Let x, y be given. At first we find out
which of the cases of the definition applies. If both x, y are not in S, then we can
output an arbitrary string for instance the minimum of x, y. If both are in the same
S; then we can output one of them, because either both are in 4 or both are not.
If only one of them is in S, we output this, because if one element of x, y is in A4,
then only this can be that one which is in S. If xe §; and ye §; and i< j, then we
output x if 4 =S, and y otherwise. In the latter case, y is the only value which
possibly can belong to A.

Finally, we show /€ FP. Let x, y be given. As S € P one can find out in polyno-
mial time which of the cases of the definition of f applies for any given x, y. In the
first three cases the value of f'can readily be written down. In cases 4 and 5 we have
to know o(i). To get it, we have to compute 7; on S; which can be done in time

RUR |

We come back to the topic discussed at the beginning of this section. From
[HIRWI95] we know

THEOREM 4.10.

e

J S(k) <= P/poly.

k=1

The special case P — Sel = P/poly was already known to Ko [ Ko83].

From Theorem 4.10 it follows that for no k can NP have </-complete sets which
are k-selective, unless by a well known result of Karp and Lipton the polynomial
hierarchy collapses on its second level.

Selman’s result is stronger as it concerns a collapse P = NP. The result mentioned
above that the polynomial time frequency computability of SAT implies P = NP
does not follow from Selman’s result because of Theorem 4.5. Moreover, it would
still be compatible with Theorems 4.9 and 4.10 that NP-complete problems would
have polynomial time frequency computations. However, NP-complete problems
admit polynomial time frequency computations only if the polynomial hierarchy
collapses on its second level. This follows from

THeOREM 4.11 [ABG90, BKS95].

C) (1, k) P= P/poly.

k=2

Stronger collapse results follow from

THEOREM 4.12 [ Ogi94, BKS95]. If SAT is btt-reducible in polynomial time to a
set from \J;°_, (1, k) P, then P=NP.

This theorem implies both collapse results mentioned at the beginning of this
section.

CONCLUSION

We have proved some explicit solutions for important inclusion problems for poly-
nomial time bounded frequency classes. But we still do not know what happens for
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(m,m+d)P and (m+1,m+d+1)P if 2<m<RQR'+d+2, 2d+1)(d+1)?)—
(d+1). We conjecture equality. But a general proof seems to be a very difficult
combinatorial issue.

Nevertheless, we gained insight into the hierarchy of frequency classes under
polynomial time restrictions.
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