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Abstract Let A be a set. Given {z1, ... ,x,},] may want to know (1) which elements of
{z1,... ,z,} arein A, (2) how many elements of {z1,... ,x,} arein A, or (3)
is [{z1,...,zn} N A] even. All of these can be determined with n queries to
A. For which A, n can we get by with fewer queries? Other questions involving
‘how many queries do you need to ...’ have been posed and (some) answered.
This article is a survey of the gems in the field—the results that both answer an
interesting question and have a nice proof.
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Introduction

Let the halting problem K be the set of all programs which halton 0. Assume
that I give you 1000 programs and ask you which of them halt, that is, which
of them are in K. You cannot answer since K is undecidable. What if I allow
you to ask 999 questions to K'? Now can you determine which of the 1000 are
in K? You can! First build, for each 7 0 < ¢ < 1000, a program P; which
halts if at least ¢ of the given programs halt. By asking whether P; € K you
can find out the answer to the query “Do at least ¢ of the given programs halt?”
Now binary search allows you to find with 10 queries the number of programs
which halt. Say you find out that exactly 783. of the 1000 programs halt. You
can run all 1000 of them until you see 783 of them halting, and then you know
that the rest do not halt. More generally, if you have 2" — 1 programs, you can
find out which ones halt by asking n questions. This is the first theorem in the
field of Bounded Queries. It was discovered independently by Beigel, Hay, and
Owings in the early 1980’s.

This observation leads to many other questions of interest. The field of
Bounded Queries, founded independently by Beigel [Be87] and Gasarch [Ga85],
raises the following types of questions:
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162 COMPUTABILITY AND MODELS

(1) Given a function f and a set X, how many queries to X are needed to
compute f?

(2) Given a set X and an n > 1, are there functions that can be computed
with n queries to X but not with n — 1?

This paper is a survey of the nicest results in the field of bounded queries.
For a more complete exposition of the field, see [GM99].

1. Definitions

We use notation from [So87], with the notable exception that we use “com-
putable” instead of “recursive” and “c.e.” instead of “r.e.” This change of
terminology was proposed by Soare [S096] for reasons that we agree with;
hence we use it. In addition it is being accepted by the community. We remind
the reader of some standard notations.

Notation 1.1.
(1) Mgy, M, ... is alist of all Turing machines.

(2) o, 1,92, ... is a list of all computable partial functions. We obtain
this by letting . be the partial function computed by M..

(3) Wy, Wy, ... isalist of all c.e. sets. We obtain this by letting W, be the
domain of M.

(4) Dy, D1, ... is alist of all finite sets indexed in a way that you can effec-
tively recover the elements of the set D; from the index ¢. One can view
i as a bit vector, so Dip111011 Would represent {0, 1, 3,4, 5, 7}. Note that
Dy = 0.

&) Mé), Ml(), ... is alist of all oracle Turing machines.

1.1 Functions of Interest

This paper examines the complexity of the following functions and sets.
Definition 1.2. Let A be a set, and let n > 1.
(1) C4:N™ — {0,1}™ is defined by
Cxy,. . xn) = A(z1)A(x2) - - - A(p).

(2) #4:N" —{0,... ,n} is defined by

#Z‘(xl,... yxn) = [{i:x; € A}



Gems in the Field of Bounded Queries 163

(3) ODDA = {(z1,... ,zn) € N : #A(zq,... ,x,) is odd}.

These functions are interesting because they can all be computed with n
parallel queries easily; hence the question of whether they can be computed in
less than n (perhaps sequential) is intriguing. Also note that C{;‘ gives more
information then #7 which gives more information then ODDZ..

1.2 Bounded Query Classes

Definition 1.3. Let f be a function, A C N,and n € N. f € FQ(n, A) if
f <7 A via an algorithm that makes at most n queries to A.

In the introduction we proved that C%, | € FQ(n, K). Two aspects of that
result motivate the next definition.

Aspect 1: When trying to determine C? (z1,...,x7),our first question is “Do
at least 4 of the programs halt?” If the answer is YES, we then ask “Do at least
6 of the programs halt?” If the answer to the first question is NO, however,
the second question is “Do at least 2 of the programs halt?” Note that the
second question asked depends on the answer to the first. Thus the queries
are sequential. We may want to determine the smallest m such that we can
compute Céﬂ_l with m parallel queries to K.

Aspect 2: Let’s say that of 7 programs, exactly 3 halt. But suppose that when
the queries are made, the answers given are incorrect, so you think there are
4 that halt. If you run them looking for 4 to halt, you will wait forever, so
your computation will not terminate. Is there a way to compute CL, | with n
queries such that even the use of incorrect answers leads to convergence (though
perhaps to the wrong bit string)?

Definition 1.4. Let f be a function, A C N,and n € N.

(1) feFQ (n, A)if f <7 A via an algorithm that makes at most n queries
to A, with the restriction that the queries must be made in parallel (i.e.,
they are nonadaptive). (The symbol || stands for parallel.)

(2) f € FQC(n, A)if f <7 A viaan algorithm that makes at most n queries
to A, with the restriction that the algorithm must converge (perhaps to
the wrong answer) regardless of the choice of oracle (The C stands for
converge.)

(3) f € FQC(n,A)if f <r Aviaanalgorithm that makes at most n queries
to A, with the restrictions that the queries must be made in parallel and
the algorithm must converge regardless of the choice of oracle.

We now define several bounded-query classes consisting of sets that can be
decided by making queries to an oracle.
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Definition 1.5. Let A, B be sets, and let n € N.
(1) Be€Q(n,A)if xp € FQ(n, A).
(2) B e Qn,A)if xp € FQ)(n, 4).
(3) B € QC(n,A)if xp € FQC(n, A).
4) B € QCy(n,A)if xp € FQCy(n, 4).

Definition 1.6. Let f, g be functions. The notions of f € FQ(n,g), f €
FQ) (n, g), etc. can be easily defined.

Definition 1.7. For all the notions in this subsection we can define relativized
versions. For example, FQ™ (n, A) is the set of functions that can be computed
with n queries to A and an unlimited number of queries to X .

13 Enumerability Classes

The notion of enumerability is very useful in the study of bounded queries.
The concept within computability theory is due to Beigel [Be87]. The concept
within complexity theory is due independently to Beigel [Be87] and Cai &
Hemachandra [CH89]. The term “enumerability” is due to Cai & Hemachandra.

Definition 1.8. Let f be a function, and let m > 1. We define f € EN(m) (f
is m-enumerable) in two different ways. We leave it to the reader to show that
they are equivalent.

(1) f € EN(im) if there exist computable partial functions g, . .. , g,, such
that (Vz)[f(z) € {91(2), ..., gm(2)}].
(

(2) f € EN(m) if there is a computable function % such that, for every z,
f(.%') e W, x) and |Wh(x)‘ < m.

Definition 1.9. Let f be a function, and let m > 1. We define f € SEN(m)
(f is strongly m-enumerable) in two different ways. We leave it to the reader
to show that they are equivalent.

(1) f € SEN(m) if there exist computable functions g, ... , g,, such that

(Va)[f(z) € {g1(2), -, gm(2)}].

(2) f € SEN(m) if there is a computable function & such that, for every z,
f(z) € Dy and | Dy, )| = m. (One can easily show that the require-
ments | Dy,(,)| < m and |Dj,)| = m define the same set of functions.)

The following theorem establishes the relationship between query complex-
ity and enumeration complexity.
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Theorem 1.10. Let f be a function, and let n € N. Then the following state-
ments are equivalent.

(1) (3X)[f € FQ(n, X)].

(2) f € EN(2").

(3) 3Y =r NIf €FQ(n,Y)AY € Q(L, f)].

Proof: = We leave the (easy) proof that (1)=-(2) to the reader. The fact that
(3)=-(1) is obvious. We present the proof that (2)=-(3). If n = 0, then f is
computable, so (2) =-(3) is obvious. Hence we assume that n > 0.

Suppose that f € EN(2"). We define a set Y =7 f that codes information
about f into it so that f € FQH(n, Y'); however, Y uses a small amount of
information about f so we will have Y € Q(1, f).

Assume f is 2"-enumerable via go,... ,gon—1. Let g;s(x) denote what
happens when you run the computation for g; on input z for s steps. Let ¢, i be
the following functions.

t(z) = us[(35)[g5.s(x) 1= f(2)]],

i(z) = nilgjee (z) 1= f(2)].
We represent i(z) in base 2. We refer to the rightmost bit as the ‘Oth bit’,
the next bit as the ‘1st bit’, etc. For every k with 0 < k < n — 1, we define

ir(x) = the kth bit of i(z) .

Let
Y = {(z,k) : i(z) = 1}.
Itis easy to see that Y € Q(1, f) and f € FQ(n,Y) |

The next theorem is an analogue of Theorem 1.10 for strong enumeration.
We leave the proof to the reader.

Theorem 1.11. Let f be a function, and let n € N. Then the following state-
ments are equivalent.

(1) (3X)[f € FQC(n, X)].
(2) f € SEN(2).
(3) @Y =r /)If €FQC)(n,Y)AY € QC(L, f)].

Note 1.12. All the notions in this subsection can be relativized. For example,
f € SEN(m) if there exist computable-in-X functions g1, . .. , g, such that

(Vo)[f(z) € {g1(2), .-, gm(2)}].
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By Theorems 1.10 and 1.11, any result we obtain about enumerability implies
a result about bounded queries. In practice, the results about enumerability are
sharper. We state results of both types.

14 Definitions from Computability Theory

14.1 Selective Sets.

We will use selective sets as defined by Jockusch [Jo68]. (He called them
“semirecursive” but he now agrees that “selective” would have been a better
name.) These sets have nice properties in terms of bounded queries. In partic-
ular, if A is selective, then (Vk > 1)[C# € SEN(k + 1)]. In Section 4 we will
use these sets to help us prove theorems about c.e. sets.

We define selective sets in two ways that are provably equivalent. The
equivalence is due to McLaughlin and Appel but was presented in [Jo68].

Definition 1.13. A set A is selective if one of the following two equivalent
conditions holds.

(1) There exists a computable function f: N2> — N such that, for all z, 7,

» f(z,y) € {z,y},and
» An{z,y} #0= f(z,y) € A

The terminology ‘selective set’ comes from the fact that f selects which
of x, y is more likely to be in A.

(2) There exists a computable linear ordering T such that A is closed down-
ward under C, ie., (Vz,y)[(r € ANy Cz) =y e Al

Note 1.14. Let X be a set. We define “selective in X by making C and f
computable in X in definition 1.13.

Lemma 1.15. If A is selective, then (Vk > 1)[C{} € SEN(k + 1)].

Proof: Let A be selective via ordering C, and let £ > 1. The following
algorithm shows that C;! € SEN(k + 1).

(1) Input (x1,...,xx). Renumber so that 1 C - - - C x.
(2) Output the set of possibilities {1°0¥~% | 0 <4 < k}.
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142 Extensive Sets.

We will use extensive sets. These are nice since they are ‘almost computable.’
In Section 3 we will use them to obtain a lower bound on the enumerability of
a function from a lower bound on its strong enumerability. In Section 4 we will
use these sets (along with selective sets) to help us prove theorems about c.e.
sets.

Definition 1.16. A set X is extensive if, for every computable partial function g
with finite range, there is a total function 1 <t X such that h extends g. (The
Turing degrees of the extensive sets are the same as the Turing degrees of the
consistent extensions of Peano arithmetic [Sc62], [Od89, pages 510-515], but
this is not important for our purposes. For this reason they are sometimes
called PA sets. They have also been referred to as DNRy sets, which stands for
Diagonally Non Recursive; see [Jo89].)

Note 1.17. Clearly K is extensive. It is easy to show that all extensive sets are
not computable. What is of more interest, although we will not use it, is that
there are low extensive sets [JS72].

Jockusch and Soare [JS72] proved the following theorem. We will use it in
Theorems 3.4 and 4.4 to show that a set A is computable by showing that A is
computable in every extensive set.

Theorem 1.18. There exists a minimal pair of extensive sets. That is, there
exist extensive sets X1 and Xa such that, for all A, if A <t X1 and A <t X»
then A is computable.

143 Computably Bounded Sets.
We will use computably bounded sets. These are nice in terms of convergence

(see Lemma 1.20 below) and hence will be used when we study the difference
between FQ(n, A) and FQC(n, A) (also between Q(n, A) and QC(n, A)).

Definition 1.19. A set X is computably bounded (abbreviated c.b.) if, for
every (total) function f : N — N such that f <t X, there exists a computable
function g such that (Vz)[f(z) < g(x)]. (In the literature, the Turing degrees
of c.b. sets are said to be hyperimmune free; this term comes from an equivalent
definition that we are not using.)

The following theorem is due to Miller and Martin [MM68]; the proof can
also be found in [Od89]. In Section 5.2 we will use this theorem to explore
questions about more queries being more powerful.

Lemma 1.20.
(1) There exist c.b. sets B <t (.

(2) If Bisac.b.setand A <t B, then A < B.
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2. The Complexity of C4

The function C/}(x1, ... ,2,) = A(z1) - - - A(x,) can clearly be computed
with n queries to A and is clearly 2"-enumerable. We have already seen that
neither result is tight, as CX can be computed with O(log n) queries to K and
CK is (n + 1)-enumerable.

Is CE n-enumerable? What about sets other than K? This section will
address these and other questions.

2.1 The Complexity of C# for General Sets

In this section we show that, for every set A, if (In)(3X)[C4. € FQ(n, X)]
then A is computable. By Theorem 1.10, it suffices to show that if (3n)[C4h €
EN(2™)] then A is computable. Note that 2" appears in two places. It is cleaner
to prove the stronger statement that if (3n)[CZ} € EN(n)] then A is computable.

Recall that in the introduction we answered 1000 instances of K by asking
10 sequential queries to K. Corollary 2.4 below will show that the questions
need to be sequential; that is, 999 parallel queries would not suffice.

The following theorem was first proved by Beigel in his thesis [Be87]. It
also appears in [BGGO93].

Definition 2.1. If 1 <i < j <mnandb=biby---b, € {0,1}",then b[i : j] is
defined as b;b; 11 - - - b;.

Theorem 2.2. Let m > 1, and let A be a set such that C;éL € EN(m). Then A
is computable.

Proof:  The proof is by induction on m. The conclusion of the theorem is
obvious if m = 1; hence the base case is established. So assume that m > 1,
and that the m — 1 case is true. We show that A is computable.

Assume C2 € EN(m) viagy, ... , gm. We would like to show that C2L | €
EN(m — 1); by the induction hypothesis, this would prove that A is com-
putable. So we attempt to show the existence of computable partial functions
hi, ..., hm—1 such that Cé,l € EN(m —1) via hy,... ,hpy—1. Either our
algorithm, A1, works, or its very failure to do so leads to an algorithm, A2, that
decides A outright.

Wehave C/t € EN(m). WewantC4 | € EN(m — 1). Given (21, ... ,Zm_1)
we want to somehow use the 2. € EN(m) algorithm. We will do this by adding
to (z1,...,Tm—1) a variety of y’s to form m elements and then running the
C/ € EN(m) algorithm. The hope is to find a y such that we know

Hoi(z1,... s 2m—1,y)[L :m—=1],... ,gm(z1,... ,Zm—1,y)[1 : m—1]}] < m—1.

ALGORITHM Al
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(1) Input (21,... ,Zm—1).

(2) Search for i,j,y such that 1 < i < j < m, gi(z1,... ,Zm-1,9) |,
gi(z1,... ,m-1,y) |, and

gi(xla" . ,$m,1,y)[1 sm o= 1} = g](xla axmflay)[l tmo— 1]

(3) (If this step is reached, then ¢, j, and y were found in step 2.) For every [
withl <[ <m—1,]let

a1, ... Tmo1,y)[1:m — 1], if I < j;
hi(z1, s Tm—1) = ) s
(@5 s Emo) { g1 (@1, e, y)[Lom = 1], i 1> .

Letx1,...,Zm—1 € N. We show that if Al(x1,...,2m—1) |,then
CA (@1, s zme1) € {h(z1,... ,&m_1):1<1<m—1}.

So suppose that Al(x1,... ,x,—1) |. Since step 2 terminates, we have i, 7,y
suchthatl <i < j <m, gi(z1,... ,Zm-1,y) |, gj(z1,... ;Zm—1,y) |,and

gi(xla‘ .. 7$m—1ay)[]‘ -m = 1] = g](xla )Im—lvy)[]- sm = ]-]

Thus the set

{g1(x1, ...y xme1,y)[L:m—=1],... ,gm(z1,. .. ,Zm—1,y)[1 : m — 1]}

has at most m — 1 elements, and is equal to the set

{hl(l‘l,... ,$m,1),... ,hm,1($1,... ,:L'mfl)}.

Moreover, C;?L_l(xl, ..., Tm—1) is in this set, by our assumption about A and
our choice of g1,... , gm.

We show that either algorithm Al yields C/}_; € EN(m — 1), or some
other algorithm (A2, built out of the failure of Al to work) yields that A is
computable.

Case 1: (VYx1,...,2m—1)[Al(x1,... ,2m-1) |]. Then by the reasoning
above, Cfn_l € EN(m —1) via hy,... ,hpym—1. By the induction hypothe-
sis, A is computable.

Case 2: (3h,... 2, _)[AL(z), ... ,2,_1) 1]. We use this tuple to devise
a new algorithm, A2, that shows outright that A is computable.

Since Al(z},... 2, ;) T, note that, for all i < j < m and for every
y, it cannot be the case that g;(z,... 2}, _1,y) and g;(z},... 2, 1,v)
converge and their outputs agree on the first m — 1 bits. Let b} ---b/,_; =

Cfm—l(l‘ll’ cee ax;n—l)'
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ALGORITHM A2
(1) Inputy.
(2) Dovetail the g3 (2}, ... .z, _1,y),... ,gm (2}, ... ,2},_1,y) computa-

tions, stopping when you find 7 and a bit b such that
gl(-r,h cee 7'T;n—17y) l: bll e b;n—lb‘

(3) (If this step is reached, then ¢ and b were found in step 2.) Output b.
Let y € N. We show that A2(y) |= A(y). Since

CAl,....xh ) efa@h, ... 2 y), . gm@h, 2 L))
we know that (3¢, b)[g; (=}, ... ,2},_1,y) |= b} ---b),_,b]. Hence A2(y) |.
If in step 2 it is discovered that g;(z},... .2z, _;,y) |= b} --- b, _1b, then it

cannot be the case that (35 # ¢)(3)[g;(x],... 2, 1,y) |= 0 --- b, V],
since this would imply that

g’b(xll? . 7x;n717y)[1 sm— 1] = g]('r,la 7x;n717y)[1 s = 1}7

contrary to the choiceof 2, ... ,x,,_,. Henceforevery j # i,either g;(z},... ,2,,_1,y)

Y Ym—

diverges, or it converges and is wrong on one of the first m — 1 bits. It follows
that g; (), ...,z _1,y) = C(z), ... .2/ | y),s0A(y) =b=A2(y). |

Corollary 23. Let n € N and A, X C N. If C{. € FQ(n, X), then A is
computable.

Proof: This follows from Theorems 2.2 and 1.10. |

This survey began by showing that you could answer 1000 queries to K with
10 sequential queries to K . By this next corollary we know that the sequential
nature is inherent— we could not have answered 1000 queries to K with 999
parallel queries to K.

Corollary 24. Letn > 1 and A C N. If C;} € FQ(n—1,A), then A is
computable.

Proof: IfC4 ¢ FQ)(n — 1, A) then an easy induction shows that, for all
m >mn,Ci € FQ)(n—1,A4). In particular,

Cjp1 € FQ(n—1,A) CFQ(n —1, A).

By Theorem 1.10,FQ(n — 1, A) C EN(2"1),s0 we have C‘z“n_1 € EN(2"71).
By Theorem 2.2, A is computable. |
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The queries in the algorithm given in the introduction (the one that showed
that C¥X, | € FQ(n, K)) were made sequentially, and now we know that this
is inherent. What if we use another oracle? By Theorem 1.10, there exists a Y
such that CE, | € FQ) (n,Y). Note that the set Y is useful not because it has
high Turing degree (in fact, K’ =7 Y’) but because of the way information is
stored in it.

2.2 The Complexity of C? for Natural Sets B

Sets that are 3;-complete or II;-complete are natural. The set K is surely
natural, and we have CX € EN(n + 1). Are there other natural sets B for
which CZ € EN(n + 1), or at least C¥ € EN(2" — 1). The answer is NO.
We show that for every noncomputable set A, C:' ¢ EN(2" — 1). This result
first appeared in [BGGO93].

Definition 2.5. Let k,n € Nsuchthat 1 < k <n. S(n,k) = >0 (7).

7

The following lemma has appeared in several places independently. It
was first discovered by Vapnik and Chervonenkis [VC71], and subsequently
rediscovered by Sauer [Sa72], Clarke, Owings, and Spriggs [COS75], and
Beigel [Be87]. The reason why it has been discovered by so many is that
it has applications in probability theory [VC71], computational learning the-
ory [BEHW89], computational geometry [HW87], and of course bounded
queries. It has also been attributed to Shelah [Sh72]; however, that paper
does not contain it. I suspect that Shelah had a proof, and that people refer to
that paper because its title sounds as if it should contain it.

Lemma 2.6. Let Y C {0,1}". Let k < n. Assume that for every iy, .., i} with
1 <4 <ig < ... <1 < n,the projected set

{t/ € {0,1}* | (3b € Y[V is the projection of b on coordinates iy, . . . ,ij ]}
has at most 28 — 1 elements. Then'Y has at most S(n, k) elements.

The next lemma shows that if you can save just a little bit on enumerabiliy
(that is, CZ € EN(2F — 1) instead of the obvious CZ € EN(2¥)), then, for
large n, you can save a lot in terms of enumerability. This will enable us to
show that for the jump of any noncomputable set, you cannot even save a little.

Theorem 2.7. Let k > 1, and let B be a set. If CZ € EN(2% — 1), then
(Vn > k)[CE € EN(S(n,k))]. If CB € SEN(2F — 1), then (¥n > k)[CE €
SEN(S(n, k))].

Proof:  Assume that CZ € EN(2* — 1) via g. The proof for SEN(2¥ — 1)
is similar.

We show CZ € EN(S(n, k)). Ininput (x1, ... ,z,) enumerate elements of
{0, 1}"™ as follows. Enumerate all strings b; - - - b, such that, for all i1, ... , i
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with 1 <41 < 42 < ... < i < n, the projection b;, b;, - - - b
W,

g(l‘il 3 Lig g ’$ik)
Let Y be the set of strings enumerated. We need to show that CZ € Y and
that |Y| < S(n, k).

Let Cf =b. Forevery 1 < i1 < ig < --- < i < n we clearly have the
projection b;, b;, - - - b;, in Wg(mi17xi27“' i)} henceb e Y.

Forevery 1 <i; < ig < --- < i < nthenumberofelementsinY projected
on those coordinates is at most 2¥ — 1 since ]Wg(r. i )\ < 2¥ —1; hence

117 127"'7 Zk.

by Lemma 2.6 |Y| < S(n, k). |

i,, SHOWS up in

Theorem 2.8. If (3k > 1)[C" € EN(2F — 1)], then A is computable.

Proof:  Assume (3k > 1)[C{ € EN(2¥ — 1)]. We show that
(3n > 1)[C4 € EN(n)], hence that A is computable (by Theorem 2.2).
By Theorem 2.7, (Vn > k)[C2" € EN(S(n, k))]. For large n, S(n, k) =
O(n*), hence we write CX' € EN(O(nF)).
Since A <, A’, we have C2 € EN(O(n*)). By Theorem 1.10,

(3Y =1 A)[C; € FQ(O(klogn),Y) = FQ;(O(logn),Y) = FQ(L, CHeen)]-

Since Y =1 A,wehave Y <,,, A, hence

CZ‘ € FQ(lv Cg(logn)) < FQ(]" Cé(logn))‘

By Theorem 2.7, Cél(logn) € EN(S(O(logn), k)) € EN(O((logn)*)).
Hence C2 € EN(O((logn)*)). For n large, O((logn)*) < n, which implies
that C4 € EN(n). |

By a proof similar to that of Theorem 2.7, we obtain the following.

Theorem 2.9. Let k > 1, and let A be a set. If Cit € SEN(2F — 1), then
(Yn > k)[CA € SEN(S(n, k))].

3. The Complexity of #2

We now know that for noncomputable sets A, C2 ¢ EN(n). What if we ask
for less information? Realize that there are 2™ possibilities for Cﬁ, which is a
lot. In contrast, there are only n + 1 possibilities for #ﬁ, so perhaps there are
some noncomputable sets A such that #: € EN(n). Alas, no such set exists!

Beigel conjectured that if #:' € EN(n), then A is computable. Ow-
ings [Ow89] showed that if #2 € SEN(n), then A is computable, and also
that if #4' € EN(1), then A is computable. (Owings stated his theorem as
#4 € EN(n) = A <t K. The form we state follows from the same proof.)
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Kummer [Ku92] then proved Beigel’s conjecture. Kummer’s proof used a
Ramsey-type theorem on trees. Later, Kummer and Stephan [KS94] observed
that Owings’ proof could be extended to show Beigel’s conjecture. We present
Owings’ proof followed by Kummer and Stephan’s observation.

Most theorems in computability theory relativize. For the next theorem, we
need to prove its relativized form, since we need this stronger version as a way
to strengthen the induction hypothesis.

Notation 3.1. If D is a set, then P(D) denotes the power set of D.

If #4 € SENX(n) via f then f <t X and f(z1,... ,2,), outputs < n
possibilities for #;‘L‘ (1,...,x,). Note that there may be other sets B such that
#5 ¢ SENX (n) via f. We will be interested in the set of all such sets. The
next definition clarifies these concepts.

Definition 3.2. Let X be a set,letn > 1, and let f be a function such that

= f:N*"— P({0,...,n}),

s f<7p X,and

. (Vzy, ... x)[|f(z1,... y2n)| <.
The triple (n, f, X) is helpful, and

SEr ={Z | (Vxy,... ,xn)[#g(azl, cooyxp) € f(z,. .., x0)] )

(Note that the sets in SE; are precisely the sets Z for which f is a strong
enumerator-in-X of #72 )
Theorem 3.3. Let n > 1, and let A, X be sets such that #ﬁ € SENX (n).
Then A <1 X.

Proof: Since #. ¢ SEN¥(n),thereexistsafunction f: N — P({0,... ,n})
such that (n, f, X) is helpful and A € SE;.

We show that since (n, f, X) is helpful, we have (VC € SE;)[C <t X].
Our proof is by induction on n. For n = 1, SE; has only one element, which
is clearly computable in X.

So assume that n > 2 and, as induction hypothesis, that for every set Y and
every function g: N*~! — P({0,... ,n — 1}),

(n—1,g,Y) helpful = (VD € SE,)[D <71 Y].

To prove that A <t X, we actually prove that the following three conditions
hold.

(D) (VB,C S SEf)[C <r B @X}.



174 COMPUTABILITY AND MODELS

(2) SEy is countable.
3) (VC S SEf)[C <T X]

That (1) = (2) is trivial. That (2) = (3) comes from the following two
facts: (a) SEj is the set of infinite branches of a tree that is computable in f, (b)
any tree with countably many infinite branches (but at least one) has some branch
computable in the tree (proved by Owings, and independently by Jockusch and
Soare [JS72]; see also [Od89, Prop. V.5.27, page 507]).

Hence we need prove only (1).

Let B,C € SEy. To prove that C' <1 B ® X, we first show that B — C' <
BeXandC-B<rB® X.

To show that B — C' <1 B & X, we use the induction hypothesis. In
particular, we show that there exists an (n — 1)-ary function g such that (n —
1,9,B @ X) is helpful and B — C € SE,. By the induction hypothesis, this
yields B—C <t B® X.

If B— C = (), then clearly B — C' <1 B & X and we are done. Hence we
can assume B — C' # (), so choose zp € B — C'. We use 2 in our algorithm
for g.

ALGORITHM FOR g
(1) Input (z1,...,Zp—-1).

(2) Make the queries “x1 € B?”, ..., “x,_1 € B?”. If there is some i such
that x; ¢ B, then z; ¢ B — C'; hence #f__lc(:rl, ce sy Tp1) < m—1,
solet g(z1,... ,2n—1) = {0,... ,n — 2} and halt. Otherwise, go to the
next step.

(3) (Since we have reached this step, we know that {x1,... ,x,-1} C B.)
Note that B —C N {x1,... ,2y_1} = C N {x1,... ,2,_1}. Hence
#f:f(xl, cooyp1) =n—1—#% (21,...,2,_1). Therefore, we
need only find < n — 1 possibilities for #g_l(xl, ceey Tp—1)-

(4) Since zp ¢ C, we have #7({11(901, o) = #9 (@1, 21, 20).
Therefore, we need only find < n—1 possibilities for # (z1, ... , T, _1, 20).

(5) Sincewy,... ,xn—1,20 € Band B € SEy,wehaven € f(x1,... ,2n—1,20).
Since 29 ¢ C, we know that #$ (x1,... ,m,_1,20) # n. Moreover,
C € SEy, so #C(x1, ... 2y 1,20) € f(x1,... 20 1,20) — {n}.
Now note that | f(x1,... ,Zn—1,20) —{n}| <n—1,sowehave < n—1
possibilities for #C(z1,... ,2,_1, 20). Using this information, define
g(x1, ... ,xp—1) and halt.

Since (n, f, X) is helpful (hence f <1 X)and B,C € SEy,itis clear from
the algorithm that (n — 1,9, B @ X) is helpful and B — C € SE,. By the
induction hypothesis, B — C <1t B& X.
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Noting that C—B = B—C, we easily see that the proof that C— B <1 B®X
is similar. Now

C=(CNB)U(C-B)=[B-C)nBJU(C - B).

Since we have shown that both B — C' and C' — B are computable in B & X,
we have C' <t B @ X. This proves that condition (1) holds. Since (1) = (3),
we alsohave C <1t X. 1

By Theorem 3.3, we have that if #/ € SEN(n), then A is computable. We
want to obtain the analogous result for EN(n). Extensive sets X are used, since
they can turn an EN(n) computation into an SEN* (n) computation.

Theorem 3.4. Let n > 1, and let A be a set. If #; € EN(n), then A is
computable.

Proof: Assume #g isn-enumerable viacomputable partial functions b1, . .. , hy,.
Thus for all x1,... ,2, € N,

4@, wn) € (@, @)oo o)},
We can assume that each h; has finite range, namely {0, ... ,n}.

Let X be any extensive set (see Definition 1.16). Since X is extensive, each
h; has a total extension that is computable in X. Using these extensions, we
obtain that #2 € SEN*(n). By Theorem 3.3, we have A <1 X. Since X
was any extensive set, we have that, for every extensive set X, A <t X. Since
there exist minimal pairs of extensive sets (Theorem 1.18), we obtain that A is
computable. [

4.  The Complexity of ODD?

We now know that if A is noncomputable, then #4 ¢ EN(n). Asking for
#;‘L‘ seems (in retrospect) like asking for a lot of information. What if we just
want to know the parity of #:'? Determining the parity of #: entails finding
only one bit of information. This problem is easy in terms of enumerability in
a trivial way: there are only two possibilities for it.

If we return to bounded queries (rather than enumerability), interesting ques-
tions arise. For example, how hard is ODD? in terms of queries to A?

The main theorem of this chapter is the following:

If Aisce.and (3n > 1)[ODDA € Q(n — 1, A)], then A is computable.

We will give two proofs of this theorem. The first proof shows that if
ODD# e Qj(n—1,A) and A is ce. then C2 € EN(n), hence by Theo-
rem 2.2, A is computable. This proof gives intuition for the result but involves
some details that need to be done carefully. The second proof uses selective
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and extensive sets and is very elegant; however, it is less insightful as to why
the theorem is true. I leave as an exercise the task of comparing the two proofs
and determining which one is better.

The following are also known.

(1) If A and B are c.e. and ODD? € Q(n — 1, B) then A is computable.

(2) If Aand B are c.e. and ODDZ. € Q(n, B) then A is computable.

The first result can be proven by simple variations of the proofs given here.
The second one is more complicated. The results in this section, and the
two results stated below that we are not going to prove, have appeared in
both [GM99] and [Beeral 00]. Our main result has three proofs. We present
two here; one additional proof can be found in [GM99].

4.1 A Direct Proof

Theorem 4.1. If A is computably enumerable and ODDf € Qn—1,4)
then A is computable.

Proof: In the following we assume that A has an enumeration A, and that
ODD# is computed by M with n — 1 parallel queries to A itself. We show that
then C is in EN(n) which gives that A is computable by Theorem 2.2.
ALGORITHM FOR C# € EN(n).

(1) Input (z1,...,2p).

(2) Run M()(ml, ..., Tp) until the queries are made. Letthembe (y1,... ,yn—1).

(Do not ask them.)

(3) Enumerate a tuple (Ag(x1),... , As(z,)) as a possiblity for CZ iff the

computation M (1, . .. , x,) withquery answers (As(y1), - .. , As(Yn—1))
terminates within s steps and its output agrees with As(z1)+. . .+ As(zp)
modulo 2.

The enumerated set contains C;;‘(xl, ... ,xy) since for sufficiently large s

the sets Ag and A coincide at all queried places and M has converged. We now
show that we have enumerated at most n strings. There are two cases.

Case 1: There are two different outputs (aq,... ,a,) and later (by,... ,by,)
where the corresponding computation M (x1, . .. , x,) withquery answers (As(y1), - - .
uses in both cases the same values c¢1,... ,c,—1 for As(y1),... , As(yn—1).

Thena; +as+...+an+2 < by +ba+. ..+ b, and no tuple with cardinality
a1 +a+2+ ...+ ay+ 1is enumerated. Since for every cardinality at most
one tuple is enumerated, at most n elements are enumerated.

Case2: Forevery output (aq, . .. , ay) the corresponding computation M (z1, . .. , zy)

with query answers (As(y1), ... , As(yn)) usesvaluescy, ... ,cp—1for As(y1), ... , As(Yn—1)
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not used for any other output. As these values cy, ... , c,—1 originate from an
enumeration of A, this tuple can take at most n values and so the cardinality of
the set enumerated is at most n. ||

4.2 An Elegant Proof
We show the following.

» If A is selective and (3n > 1)[ODD? € Qj(n —1,A)], then A is
computable.

m IfAisce.and (3n > 1)[ODDA € Q(n — 1, A)], then Ais computable.

In investigating the complexity of ODDf, we first look at selective sets A,
and we then proceed to c.e. sets A. This is because we obtain the result about
c.e. sets from the result about selective sets.

4.2.1 ODDQ for Selective Sets A.

Theorem 4.2. Let n > 1, and let A be a selective set such that ODD? €
Qj(n — 1, A). Then A is computable.

Proof: If n = 1, then since (Vz)[ODD{ (z) = A(z)], we have that A is
computable. Hence we can assume that n > 2. Let A be selective via C, and
assume that ODDZ € Qj(n—1,A) via MA,

The following algorithm shows that 4\, +1 € FQ)i(2n, A). By Corollary 2.4,
this yields that A is computable.

(1) Input (x1,...,22,+1), Where 21 C - - - C x9,41. Note that

Cfpr (@1, @2nq1) € {17077 |0 < < 20+ 1.

(2) Simulate the computation of M4 (2, x4, g, . . . , T2,) to obtain the queries
Z1,... ,%n—1 that are made in this computation. (We do not make these
queries at this point. We have not yet used A in any manner.)

(3) Obtain C?n({l}l, T3, L5, yL2n41,21522,23, - ,anl), by making 2n
parallel queries to A.

(4) (We know the status of both 7 and x2,1; with respect to membership
inA) If x; ¢ A, then Cg‘nﬂ(:pl, ooy Tong1) = 027F1 0 output 027+
and halt. If 29,41 € A, then C4,, . (71,... ,Z2n41) = 12"T1, 50 output
127+1 and halt. If z; € A and x2,,1 ¢ A, go to the next step.
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(5) There is a unique ¢ < n such that {z1, 22, 23,... 2241} C A and
{Z2i43, X244, X245, - - ,Tont+1} C A. We do not yet know whether
To;yo € A, but we do know that

12i+102n+1—(21+1) if Tos A:
C§n+1($1v T2, X3, ..., Tant1) = { 2i+2 2n+1*(22’+2)7 T £
1 0 R if T2i42 € A.
Moreover, Cia, | (21, 23, X5, - . . , Topt1) = 11t =(+1) g
A . 12'071,—7;’ if L2492 gé A;

Cn (:UZ» Ly, Ze, - - - 7$2n) - { ]_i—‘,—lO'n,—(i—i-l)7 if Toit € A.
Hence z9;19 € A iff ODDf(mg, X4, X6, ... ,To,) and i are of opposite
parity.

Using the value of C;;‘_l(zl, ..., 2zp—1) from step 3, compute

b= MA(2, 24, %6,. .. ,Ton) = ODDﬁ(mg,m,xg, ceey Top).

Using ¢ and b, compute and output C‘Q“nﬂ(xl, ..., Ton+1): There are
two cases.

» b= mod 2: Then ;2 ¢ A, so output 12+102n+1-(2i+1),
» b #imod 2: Then ;2 € A, so output 12+202n+1-(2i+2),

422 ODDﬁ for C.E. Sets A.  Our plan is to make c.e. sets look like
selective sets and then apply a version of Theorem 4.2.

Lemma 4.3. Let A be a c.e. set, and let X be an extensive set. Then A is
selective in X .

Proof:  Choose a computable enumeration {Ag}scn of A. Let g be the
0,1-valued computable partial function such that dom(g) € N? and, for all

z,y,
1, if (3s)[xr € As Ny ¢ Agl;
g(z,y) =4 0, if(3s)[y € As na & Adl;
T, otherwise.

Since X is extensive, there is a 0,1-valued total function h <t X such that h
extends g. Now define f: N> — N by

oz, ifh(z,y) =1,
f(x,y) = { y, if h(z,y) = 0.

It is easy to show that A is selective in X via f. |
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Theorem 4.4. Let n > 1, and let A be c.e. If ODDZ ¢ Qj(n —1,A), then A
is computable.

Proof:  Suppose that ODD? ¢ Qj(n —1,A). Let X be any extensive set
(see Definition 1.16). Trivially, ODDZ € Qﬁ( (n—1,A). By Lemma 4.3, A
is selective in X . By a relativized version of Theorem 4.2, we have A < X.
Since X was any extensive set, we have that, for every extensive set X, A <t
X. Since there exist minimal pairs of extensive sets (Theorem 1.18), we obtain
that A is computable. |

S. Do More Queries Help?

In prior sections, we asked ‘How many queries does it take to compute
BLAH? We now ask a more abstract question: ‘If I have k queries, can I
compute more functions than I could if I had only £ — 1 queries?” The answer
depends on what you want to compute (functions or sets) and what you are
querying. The short answer is that for computing functions, it always helps to
have more queries, but for deciding sets there are cases where more queries do
not help.

51 More Queries Do Help Compute More Functions!

The results in this section are due to Beigel [Be88]. They later appeared
in [GM99].

Theorem 5.1. If (3n)[FQ(n, A) = FQ(n + 1, A)], then A is computable.

Proof: By way of contradiction, suppose A is noncomputable. We exhibit a
function in FQ(n 4 1, A) — FQ(n, A). If n = 0, then C{! € FQ(n + 1, A) —
FQ(n, A). So assume that n > 1.

By Corollary 2.3, C4. ¢ FQ(n,A). Since C2 € FQ(n, A), there is
some i > n + 1 such that C{4 ¢ FQ(n,A) and C#, € FQ(n, A). We
show that C# € FQ(n + 1, A).

Choose an oracle Turing machine M0 so that C# | € FQ(n, A) via M4,
The following algorithm computes Cf‘ with at most n 4+ 1 queries to A. Thus
CA e FQ(n+1,4) —FQ(n, A).

(1) Input (z1,...,2;).

(2) Run M4 (zy,... ,z;_1). (By hypothesis, M makes at most n queries
to A.)

(3) Make one additional query to A, namely, “z; € A?”.

(4) Output Cf‘(xl, ..., z;) (by concatenating the results of steps 2 and 3).
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The theorem is proved. |

The next theorem is an analogue of Theorem 5.1 for the bounded-query
classes FQC(n, A), FQ(n, A), and FQCj(n, A). We leave the proof to the
reader.

Theorem 5.2. Let A be a set.
(1) If (In)[FQC(n, A) = FQC(n + 1, A)], then A is computable.
(2) If (3n)[FQ(n, A) = FQ)(n + 1, A)], then A is computable.
(3) If Fn)[FQC(n, A) = FQC)|(n + 1, A)], then A is computable.

5.2 More Queries Do Not Always Help Decide More Sets!
Definition 5.3. ) = {(z,4) | z € ()},

The next theorem shows that when deciding sets by making parallel queries
to ), more queries do not help. We then show that when deciding sets by
making serial queries to (/)| allowing more queries does enable us to decide
more sets. Finally, we exhibit an (unnatural) set such that allowing a greater
number of serial queries (with this set as oracle) does not help.

Most of the results in this chapter are in [GM99] but were known many
years earlier. They are due to Beigel and Gasarch (no reference available, but
I was there). The one exception is Theorem 5.5, which Frank Stephan proved
recently and appears here for the first time.

Theorem 5.4. For alln > 1, Q)j(n, ) = Q(1,0“).

Proof: Letn > 1,andlet A € Q) (n, p«)) via MO, Here is an algorithm
for A € Q(1,0®).

(1) Input z.

(2) Run M()(x) until the questions (¢ € 0@, ... g, € 0@) are asked,
but do not try to answer them. Note that, for each ¢, there exist y;, z; such
that the question “g; € “)?” is actually the question “y; € 0(*)?” Let
z be the max of the z;.

(3) The question “Is there a set of answers for y; € POy, € On)
that are true and lead to a path of the /0 (z) computation that converges
to 1?77 (note that the answer to this question is yes iff + € A) can be
phrased as a query to §“) (via a query to §*t1). Let “¢ € 0“)?” be
that query, and ask it.

@) Ifqe (Z)(“’), output 1; otherwise, output 0.
|
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Theorem 5.4 uses the set (Z)(w), which is somewhat natural. Can we use the
same set as an example of an oracle for which additional serial queries do not
help? As the next result shows, the answer to this question is no.

Theorem 5.5. Q(2,0«) — Q(1,0®)) #£ 0.
Proof: Let C be the set of ordered pairs (z,y) such that
m rc K,and

» if s is the length of the longest string of 1’s on the tape after M, (x) halts
then y € 0(s). (We assume s > 2.)

Note that we think of = as an index of a Turing machine and y as an index
of an oracle Turing machine.

Clearly, C' € Q(2,0“)). We show that C' ¢ Q(1, (). Assume, by way of
contradiction, that C' € Q(1,“)) via M0,

We create Turing machine M, and oracle Turing machine My() such that
MO (x,y) # C(x,y). The construction of these two machines uses the
recursion theorem implicitly.

PROGRAM FOR M,

(1) Simulate M 0 (x,y) in such a way that you never write two consecutive
I’s on the tape. (E.g., use 00 for 0 and O1 for 1.) Stop the simluation
when the one query is made. Let this query be “g € §*)?” (Do not make
the query.)

(2) Print 010 and then halt. (Hence the longest string of 1’s on the tape has
length £.)

Note 5.6. Since z € K and prints out a sequence of k 1’s we know that
(z,y) € Ciffy € OF,

PROGRAM FOR M)

(1) Simulate MO (z,y). When the query, “q € P*k)2”_ is encountered,
make the query. (We will be supplying y with an oracle for §*) so this
can be done.)

(2) If the simulation outputs 0 (so A/%*’ (x,y) thinks that (z,y) ¢ C which
is equivalent to y ¢ ((¥)) then halt (which causes y € ((¥)). If the

simulation outputs 1 (so M/’ (x,y) thinks that (z,y) € C which is
equivalent to y € () then diverge (which causes y ¢ ((*)). The
simulation must output something since M 0t (z,y) computes C'.
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The key pointis that oracle program z is constructed to print out a long enough
string of 1’s so that oracle program y is able to simulate M o) (x,y), make an

appropriate query, and diagonalize. Itis easy to see that M 0t (x,y) # C(z,y).
|

The next theorem shows that when deciding sets with sequential queries,
more queries do not always help. The set being queried is much less natural
than the set used in the previous theorem.

Definition 5.7. A" is the set of (codes of) Boolean combinations of formulas
of the form “v;” that are true when you interpret v; to be ¢« € A. For example,
the (code of the) formula (vi2 A (v14 V —vg)) is in A" iff 12 € A and (14 €
Aor9 ¢ A).

Theorem 5.8. If Bisac.b.set(see Definition 1.19)andn > 1,then Q(n, B*") =
Q(1, B%). In fact, Q(n, B*) = QC(1, B%).

Proof: Letn > 1,andlet A € Q(n, B"). Clearly, A € Q(n, B") = A <r
B. By Lemma 1.20, A <1 B = A <4 B. By the definition of <(; and B*",
we easily have that A <,,, B**. Clearly, A € Q(1, B'*). Note that we actually
have 4 € QC(1,B™). 1

6. Does Allowing Divergence Help?

The algorithm in the introduction showed that CL, |, € FQ(n, K). For
that algorithm, incorrect answers could cause divergence. Is there an algo-
rithm where all query paths converge? More formally, can we obtain Cgﬂ_l €
FQC(n, K)? Also,can we obtain C%, ; € SEN(2")? Combining the first the-
orem in this section (which was first proved in [BGGO93]) with Theorem 1.11,
we find that the answer to both of these questions is NO—in a strong way.

However, the more general question arises as to when does allowing diver-
gence help. We would like to know whether there are sets A such that any
computation with A as an oracle can be replaced with one where all query
paths converge. To accomplish this, we explore the question of whether, and to
what extent, it helps to allow divergence when incorrect answers are given to
one or more of the queries.

The results in this section were stated in [Beetal 96]. Full proofs appeared
in [GM99].
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6.1 A Natural Example of a Function Where Allowing
Divergence Helps

We address the question that motivated the study of divergence: is there
an algorithm for CX which has all paths converging which asks less than n
queries?

Theorem 6.1. For alln > 1, CX ¢ SEN(2" — 1). (Hence, by Theorem 1.10,
(VX)[CF ¢ FQC(n — 1,X)].)

Proof: = We offer two proofs. The first one uses the Recursion Theorem. The
second one avoids using the Recursion Theorem. We leave as an open problem
the question of which proof is better.
A Proof That Uses the Recursion Theorem

Let n > 1, and suppose, by way of contradiction, that CX € SEN(2" — 1).
Choose a computable function f such that CX(zy,... ,z,) € Diiey,.. an)
and [Dy(y, . 2,)| = 2" — 1. By an implicit use of the recursion theorem, we

construct programs ar, . . . , a, such that CX (aq, ... ,a,) ¢ Dy, an)-
Program a; does the following: Compute f(aq,... ,a,) and determine the

set Dg(a,,... an)- Find the vector biby -+ by & Dy(q,,... q,)- Haltiff b; = 1.
Programs ay, ... ,a, conspire to make CX(ay,... ,a,) = biby---b, ¢

D¢ (a,.... an)- This is the contradiction.
A Proof That Does Not Use the Recursion Theorem

It is easy to construct a c.e. set A such that, for all n, C2 ¢ SEN(2" — 1).
Since K is m-complete, A <,, K. One can use this to show that if there is an
n such that CX € SEN(2" — 1) then, for that n, C} € SEN(2" — 1). Since
this is not true, we must have that, for all n, Cff ¢ SEN(2" —1). 1

6.2 A Natural Example of a Set Where Allowing
Divergence Does Not Help

Let A, Bbesetsand n € N. If A € Q(n, B), we can decide whether 2z € A
by making n queries to B; if the wrong answers are supplied, however, the
algorithm may diverge. Is there a set B such that whenever A € Q(n, B) we
also have A € QC(n, B) (that is, even with wrong answers, the algorithm does
not diverge)?

By Theorem 5.8, there exists such a set, but it is not natural. We show that
K, clearly a natural set, has this property.

Theorem 6.2. Foralln € N, Q(n, K) = QC(n, K).
Proof: Let A € Q(n, K) via MX. We show that A € QC(n, K).

Notation 6.3. We are using M0 for our oracle Turing machine. We intend to
run it with oracle K. To approximate this we will run it for s steps and use
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oracle K. This is denoted M. Do not confuse this with running Turing
machine s. The subscript is the number of steps I am running the machine, not
an index of a machine.

We first give an intuition behind the proof. Consider the following sce-

nario: Given z, find M (z) for s = 1,2, 3, ... until an sq is found such that

MSIéSO () |=b € {0,1}. (Here, the subscripts s, so refer to the number of

steps of the computation, not the index of the oracle machine M 0) There is no
reason to believe that b = A(x); however, we can ask questions about whether
at some later time the machine (with a better approximation to K') changes its
mind. These are questions about mindchanges. If we find out that the number
of mindchanges is even, then b is the answer. If the number of mindchanges is
odd, then 1 — b is the answer. Note, however, that we never ‘run a machine and
see what happens’ or carry out any other computation that risks diverging.
We now proceed rigorously.

Definition 6.4. Let M0 be an oracle Turing machine. Let z,s9 € N and
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b € {0,1}. Assume that M,,*°(z) |= b. The phrase “there are at least m
mindchanges past stage so”” means that there exist s;1 < s3 < 53 < -+ < S,

such that sg < s1, Mot (z) |= 1 — b, Mo (z) |= b, ME*3(z) |= 1 — b,
Ms{fs“ (x) |=b,etc.,and
b if m is even;

MEsm(2) |=
s (@) L {Lw if m is odd.

Note that the question “Are there at least m mindchanges?” can be phrased as
aqueryto K.

Since M ¥ () makes only n queries, there can be at most 2" — 1 mindchanges.
The following algorithm shows that A € QC(n, K).

(1) Input x.

(2) Find the least s such that MSIESO (x) |,and let b € {0,1} be the output.
Note that such an sq exists, since M (z) |.

(3) Using binary search, one can determine, in n queries to K, how many
mindchanges the M (z) computation makes past stage sq. If this num-
ber is even, output b; otherwise, output 1 — b.

Note that the above algorithm converges even if fed the wrong answers. The
algorithm never runs any process that might not halt. ||
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6.3 An Unnatural Example of a Set Where Allowing
Divergence Helps A Lot

We show that there exists a set A such that Q(1, A) — |J;2,; QC(n, A) # 0.
In other words, there is a set B that you can decide with just one query to A,
provided you allow divergence if wrong answers are given; if you insist that
convergence occurs even if one or more of the queries are answered incorrectly,
however, then no fixed number of queries suffices.

The results in this chapter are due to Frank Stephan. He never published
them; however, they appear in [GM99].

The following easy lemma we leave to the reader.

Lemma 6.5. Forall AC Nandn > 1,QC(n,A) C QCH(Q” — 1, A). Hence
Unz1 QC)(n, 4) = U2, QC(n, A).

The next lemma restates the problem of getting B ¢ J,~; QC(n, A) in
terms of strong enumerability.

Lemma 6.6. Let A, B be sets such that (3k > 1)[Cs} € SEN(2¥ —1)] and
(Vk > 1)[CB ¢ SEN(2* —1)]. Then B ¢ |J:°, QC(n, A). (The intuition
behind the statement of this lemma is that A is “easy” and B is “hard,” so it is
reasonable that B cannot be reduced to A in certain ways.)

Proof: ~ We show that B ¢ (J,~; QC/(n, A). By Lemma 6.5, we obtain

B ¢ U= QC(n, A).
Suppose that (3ng > 1)[B € QC)|(ng, A)]. By making queries in parallel,

we have that (Vn > 1)[CEZ € FQC(1,C2 ).

non

Since (3k > 1)[C{ € SEN(2F —1)], €4 € SEN(O(n*)) (by Theo-
rem 2.9). Hence CZ € SEN(O(n*)). For large enough n, this contradicts the

hypothesis on B. |

The next definition and lemma restate the problem of getting B € Q(1, A)
and (Vk > 1)[C2 ¢ SEN(2* — 1)] in terms of fast-growing functions.

Definition 6.7. A function f : N — N is computably dominated if there is a
computable g such that (Vz)[f(x) < g(z)].

Lemma 6.8. Let A be a set such that there exists a function f € FQ(1,A)
that is not computably dominated. Then there exists B € Q(1, A) such that
(Vk > 1)[CB ¢ SEN(2% — 1)].

Proof: Choose f € FQ(1, A) so that f is not computably dominated. We
construct a set B € Q(1, A) such that, for all e,k € N with £ > 1, we satisfy
requirement

Rieky —(CP is strongly (2F — 1)-enumerable via ,).
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Lete,k € N with k > 1. If . is not total, requirement R, ;) is automati-
cally satisfied. If . is total and we satisfy R, 1y, there will be some k-tuple
(x1,...,zx) of numbers such that

‘Dtﬂe(xl,---@k)’ 2 2¢ v Cf(xl’ o Tk) & DSOE(ﬂvly--wﬂﬁk)'

Choose a computable partition {Z . ; iy }e.i,ken of N so that, for all e, i, k,
|Zieiky| = k. Forall e, i,k with k > 1, let Z, ; 1y be the k-tuple of numbers
that is formed by taking the elements of Z ; 1 in increasing numerical order.
For all e, k with k£ > 1, we intend to satisfy R ) by constructing B so that if
(e computes a total function, then there is some ¢ such that

’D )’ > 2k v CkB(g(e,i,k)) ¢ Dgoe(2<

e(Zie,ik) eik))

We construct B € Q(1, A) by giving an algorithm for it.

(1) Input x.

(2) Find e, i, k such that x € Z(, ; 1.

(3) Compute ¢t = f(4). (This requires at most one query to A.)
(4) Compute Me (Z(eiky)-

(5) There are two cases.

(@) Met(Ze;iky) T: Output 0. (We have not made progress towards
satisfying requirement R 1) .)

(b) Mei(Z(c,iky) |=y: There are two cases.

= |D,| > 2*: Output 0. (Note that requirement Ry is auto-
matically satisfied.)

= |D,| < 2% —1: We want to set B(z), and for that matter B(z)
forall 2 € Z; 1, such that cB (Zie,ik)) & Dy. For now, we
can set only B(x). Find o, the lexicographically least string
in {0,1}* — D, and let j be such that z is the j*" component
of Zi¢ i ky- Output o(j). (Note that for all z € Z, ; 1y, running
this algorithm on input z will get us to this same step and will
yield the same o; hence we will have Cf(i’@ﬂ-@) =0 ¢ D,,
and R, 1) will be satisfied.)

Lete,k € N such that k& > 1. We show that R, 1, is satisfied. If ¢, is not
total, then clearly R, ) is satisfied. Assume, by way of contradiction, that ¢
is total and R, 1y is not satisfied. We use this to obtain a computable function
g that dominates f, in contradiction to our assumption about f.
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Since Ry is not satisfied, we know that, for every i, the Me(Z ;x))
computation does not halt within f(i) steps. (Otherwise, R xy would have
been satisfied when the elements of Z . ; 1y were input to the algorithm.) Since
e 1s total, the following computable function dominates f:

9(i) = pt[Me(Zieiny) L]-
Thus R, is satisfied. 1l

To obtain our result from Lemmas 6.6 and 6.8, it suffices to have a set A
such that

» (3k>1)[C € SEN(2F — 1)] and
» there exists f € Q(1, A) such that f is not computably dominated.

These two properties seem hard to obtain at the same time, since the first one
says that A is “easy” while the second one says that A is “hard.” Even so, the
following lemma allows us to obtain such sets easily.

Lemma 6.9.

(1) If A is selective, then (3k > 1)[C4t € SEN(2% — 1)]. (Actually, (Vk >
1)[Cs € SEN(k + 1)].)

(2) If A is a noncomputable c.e. set, then there is a function f € FQ(1, A)
such that f is not computably dominated. (This is well known.)

(3) There exist noncomputable c.e. sets that are selective. (This is from
[Jo68]. The proof I present uses a set defined by Dekker [De54].)

Proof:
1) This follows from Lemma 1.15.

2) Choose a computable enumeration { A }scn of A, and let f be the function
defined by

fz) = { uslx € Ag], ifx € A;

0, otherwise.

Clearly, f € FQ(1,A). Suppose f is computably dominated, and choose a
computable g so that (Vz)[f(z) < g(x)]. Then

(Vr)[r € Aiff v € Ay(y).

This demonstrates that A is computable, a contradiction!
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3) Let C' be a noncomputable c.e. set. Choose a computable enumeration
{Cs}sen of C such that at every stage exactly one new element comes in. Let
cs be the new element that comes in at stage s, and let

A={s]| (Tt >s)la <c}

Clearly, A is c.e. Using Definition 1.13.2, it is easy to show A selective. |

Theorem 6.10. There exists A such that Q(1, A) — o2, QC(n, A) # 0.
Proof: This follows from Lemmas 6.6,6.8,and 6.9. |

Note 6.11. The following is known. Let A be a set.

(1) There exists B =i A such that (Vn)[Q(n,B) = QC(n, B)]| iff all
f <wtt A are computably dominated.

(2) There exists B =g A such that Q(1, B) — | J:2; QC(n, B) # 0 iff there
exists f <wtt A such that f is not computably dominated.

7. Does Order Matter?

Let A, B C N. I am allowed to make one query to A and one query to B in
some computation. Does the order in which I make the queries matter? The first
theorem in this section is due to Beigel (unpublished) and has been generalized
by McNicholl [McNOO]. The second theorem is due to McNicholl [McNOO];
however, the proof given here is due to Frank Stephan and has not been published
previously. Questions of this type were asked in complexity theory [HHW98]
before they were asked in computability theory.

Definition 7.1. Let A, B C N. QO(A, B) is the set of sets that I can decide
by an algorithm that makes one query to A and then one query to B. (The ‘O’
stands for ‘order”) Q||(A, B) is the set of sets that I can decide by an algorithm
that makes one query to A and one query to B at the same time. (This differs
from the use of Q|(n, A) used earlier in this paper.)

Definition 7.2. If QO(A, B) = QO(B, A), then A and B commute.

Notation 7.3. We denote an oracle Turing machine that is going to query two
oracles, with one query each, by MO0, We fill in the first () with the oracle
it queries first, and the second () with the oracle it queries second. If b1bs €
{0,1}? then M*1%2(2) denotes what happens if you assume the answer to the
first question is b and the answer to the second question (if such a question
exists) is ba. (Note that you do not actually query either oracle.) If B C N,
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then (1) M (01)(B) (z) denotes what happens if you assume the answer to the
first question is b but you get the true answer to the second question (if such
a question exists) by querying B, and (2) QU ERY (M ®1)(B) (1)) denotes the
query to B that is encountered in the M (b1)(B) () computation, if it exists (if
it does not exist, then QUERY (M ()(B)(z)) is undefined). If we use this
notation, we are implicitly assuming that the query to B exists.

We leave the proof of the following easy lemma to the reader.

Lemma 74. Let i,j,q,z € N, by,by,b € {0,1}, and MOO be an oracle
Turing machine. Assume i < j. Then the following hold.

(1) If i > 1, then the truth value of the statement
(q € 09) A (M"*(2) |=1b)
can be determined by a query to P

(2) If i > 2, then the truth value of the statement
(q ¢ 09) A (M"*2(z) |=b)
can be determined by a query to (V)
(3) The truth value of the statement
(q €09) A (MOO() |=b)
can be determined by a query to )19

(4) The truth value of the statement

(q & 09) A (MO (g) |= 1)

can be determined by a query to )1

(5) The truth value of the statement

[(q € 09) A (QUERY (MDD (2)) € 910))]
Vi(g ¢ 09) A (QUERY (M®)O09) (z)) € gU))]

can be determined by a query to pU)

Theorem 7.5. Foralli,j > 1,0 and 09 commute. In fact,

QO(0®, 0y = QOOW, 9y = QH(Q)(J')7 po).
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Proof: Assumei < j. Let C € QO(0@,00)) via M?" 9" We show that
C € Q (09, 0™). The intuition is that we can ask the question “what is the
answer to the second question going to be” and the question “what is the answer
to the first question” at the same time.

(1) Input z.

(2) Run the M 0,00 (z) computation until the first query is encountered.
Call this query ¢ (we do not make this query).

(3) Consider the following statement:

[(q € 09) A (QUERY (MMOP) (1)) € 00))]
V[(g & 0O) A (QUERY (MO (2)) € gW))]

ByLemma7.4.5, this can be phrased as aquery z to 09 notethat z € PU)
iff the second query of the M 0,00 computation has the answer YES.

(4) Ask“z € 01D and “q € 0D at the same time. This will give you all
the information you need to simulate the computation of M 0,0 (z).

NowletC' € QO(0W), 00 via 1?79 We show that C € QO (B, §(9)).

We first prove this for the case where ¢ > 2. Thisisneeded, since Lemma7.4.2
does not hold when ¢ = 1. We will prove the ¢ = 1 case later.

The intuition is that we first find an approximation to the answer by seeing
which query path converges first, and then ask about mindchanges. We first ask
if there is a mindchange because of the second query, and then we ask if there
is a mindchange because of the first query.

(1) Input x.

(2) Run MO0 (x) along all query paths until one of them halts. (At least one
must halt, since the correct answers yield a halting path.) Let b be the
output on the halting path, let ¢; be the first query encountered (the query
to 1)), and let ¢» be the second query encountered (a query to (Z)(i)). We
will be asking questions about whether the computation wants to change
its mind about b. There are four cases, corresponding to the four possible
pairs of answers supplied to the queries.

(3) (a) Case 1: The answers 0,0 yield a halting path. By Lemma 7.4.1, we
can determine the truth value of the following statement by making
a query to P(:

(2 € 09) A (M (z) | =1~ b).
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Make the query. If the answer is YES, let ¢ = 1 — b; otherwise, let
c=0b.Ifq ¢ #9) (do not ask this), then the final correct answer
is c. By Lemma 7.4.3, we can determine the truth value of the
following statement by making a query to (7):

(1 € 09) A (OO (@) |=1—0).

Make the query. If the answer is YES, output 1 — ¢; otherwise,
output c.

(b) Case 2: The answers 0,1 yield a halting path. By Lemma 7.4.2 (and
1> 2),wecan determin¢ the truth value of the following statement
by making a query to ((9:

(a2 ¢ 09) A (M™(2) | =1—b).

Make the query. If the answer is YES, let ¢ = 1 — b; otherwise, let
c=0b.1fq ¢ P (do not ask this), then the final correct answer is
c. The rest of this case is identical to Case 1.

(c) Case 3: The answers 1,0 yield a halting path. By Lemma 7.4.1, we
can determine the truth value of the following statement by making
a query to P(:

(g2 € 0) A (M (2) | =1~ b).

Make the query. If the answer is YES, let ¢ = 1 — b; otherwise, let
c=0b.If 1 € P (do not ask this), then the final correct answer
is c. By Lemma 7.4.4, we can determine the truth value of the
following statement by making a query to (7):

(@1 & 09) A (MO () |=1—¢).

Make the query. If the answer is YES, output 1 — c; otherwise,
output c.

(d) Case4: The answers 1,1 yield a halting path. By Lemma 7.4.2 (and
i > 2), we can determine the truth value of the following statement
by making a query to ((V:

(g2 ¢ 09 A (M™(z) |=1-1).

Make the query. If the answer is YES, let ¢ = 1 — b; otherwise, let
c=b.Ifq € (112 (do not ask this), then the final correct answer is
c. The rest of the proof is identical to Case 3.

We now look at the case Wherg i = 1. We need to show that if C' €
QO(0Y), K), then C € QO(K,(D(J)). Assume C' € QO(PY), K) via MO0,
We show that C' € QO(B®,)17)).
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(1) Input x.

(2) Run all query paths of the 1700 (z) machine. If a second query is en-
countered (a query to K), then before pursuing the YES path, enumerate
K and wait for the element to enter. (If it never enters K, there is no point
in pursuing the YES path.) Wait until one of the four query paths halts—
with the caveat about the existence of a second query and pursuit of the
YES path for that query. (At least one must halt, since the correct answers
yield a halting path.) Let b be the answer on the halting path, let ¢; be the
first query encountered (the query to Py, and let ¢ be the second query
encountered (a query to K'). We will be asking questions about whether
the computation wants to change its mind about b. Note that if there is a
mindchange because of the first query, then g2 may change (that is, the
actual query made to K may change). If it does, the answer to the new
g2 may differ from the one supplied for g» on the original halting query
path (even if that answer was verified by enumeration of K). There are
four cases, corresponding to the four possible pairs of answers supplied
to the queries.

(3) (a) Case 1: The answers 0,0 yield a halting path. This is identical to
Case 1 in the previous algorithm.

(b) Case 2: The answers 0,1 yield a halting path. The query to K was
answered correctly. Note that if ¢; ¢ pU) (do not ask this), then the
final correct answer is b. The rest of this case is identical to Case 1.

(c) Case 3: The answers 1,0 yield a halting path. This is identical to
Case 3 in the previous algorithm.

(d) Case 4: The answers 1,1 yield a halting path. The query to K was
answered correctly. Note that if ¢; € pU) (do not ask this), then the
final correct answer is b. The rest of the proof is identical to Case
4 in the previous algorithm.

We show that, for all 7, 0 and 0“) do not commute. We first need a lemma
of interest in its own right.

Lemma 7.6. For all i, QO(0“), () C Q(1, ).

Proof: Let A€ QO(®),0®)via M99 The following algorithm shows
A € Q(1,0¢). The intuition is that once we know the first query we can ask a
complex query about answering the first one and the rest of the computation.

(1) Input z
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(2) Run MO0 (x) until a query g € () is encountered. Do not ask this query.
(3) Find z, k such that the query is actually of the form z € (%),
(4) Phrase the query
(= € 00) A (MO (@) |= 1]
Vi(z ¢ 00) A OO () |= 1
as a query ¥ to (.

(5) Asky € 0¥, If y € (* then output YES, else output NO.

The lemma follows. |

Theorem 7.7. K and 0“) do not commute.

Proof: Let C be the set from Theorem 5.5. Clearly, C' € QO(0®,p«)).
We show that C' ¢ QO(0«),§()). Assume, by way of contradiction, that
C € QO(0«),p). By Lemma 7.6 we have C' € Q(1,“)). By Theorem 5.5
C ¢ Q(1,0“)). Hence we have our contradiction. [
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