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ARTICLE INFO ABSTRACT

Keywords: It has been previously observed that for many TxtEx-learnable computable families of
Computably enumerable sets computably enumerable (c.e. for short) sets all their computable numberings are evidently
Computable numberings 0'-equivalent, i ivalent with t to reducti table in the haltin
Inductive inference quivalent, i.e. are equivalent with respect to reductions computable in the g
problem. We show that this holds for all TxtEx-learnable computable families of c.e. sets,
and prove that, in general, the converse is not true. In fact there is a computable family 4
of c.e. sets such that all computable numberings of A are computably equivalent and A
is not TxtEx-learnable. Moreover, we construct a computable family of c.e. sets which is
not TxtBC-learnable though all of its computable numberings are 0'-equivalent. We also
give a natural example of a computable TxtBC-learnable family of c.e. sets which possesses
non-0'-equivalent computable numberings. So, for the computable families of c.e. sets,
the properties of TxtBC-learnability and 0'-equivalence of all computable numberings are
independent.
© 2010 Elsevier B.V. All rights reserved.

1. Introduction

The theory of inductive inference has many relationships to the theory of computable numberings. Both these theories
arose almost at the same time, in the 1960s, and since that time they have developed in a parallel way using similar methods
and ideas. Sometimes, these theories had direct influence on each other. For instance, Kummer [ 14] suggested a solution for
the famous problem of Ershov on characterizing the classes of computable functions with pairwise equivalent computable
numberings. A criterion was given in terms of co-learning. We should note that another solution of that problem was given
earlier by Goncharov [9] in the context of computable Abelian groups, see [10] for a direct proof of Goncharov’s criterion in
terms of computable numberings. As an example in the opposite direction, we can mention a criterion of Jain and Sharma
[12] for a class of c.e. sets to be TxtEx-learnable which was given in terms of computable numberings.

It is not our goal to give a survey with a complete analysis of the interrelations of the theory of computable numberings
and inductive inference theory. This is a too wide and deep subject and we do not consider ourselves leaders in the field
of learning theory. We just wish to attract attention to these interrelations which we met during our research as well as
during discussions with Frank Stephan and John Case. We are sure that the theory of inductive inference could pose natural
questions and be useful for computable numbering theorists too.

We deal with language identification in the limit from positive data, namely, we use the classical learning model of
Dana Angluin [8] and restrict ourselves to the two scenarios of identification: explanatory learning and behaviorally correct
learning, i.e., TxtEx and TxtBC.

The theory of computable numberings started with the study of the sequences of sets of natural numbers which admit
uniform algorithmic procedures for enumerating the elements of the sets of the sequence. If we identify this kind of sequence
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with a mapping of the set of natural numbers onto the family of all sets from this sequence then we get the notion of
computable numbering. The standard sequence Wy, W1, W,, ... of c.e. sets is the most important computable numbering.
Here indices are the codes of programs of the functions whose domains are the elements of the sequence.

It is a well known fact that a numbering o : N — s of a family 4 of c.e. sets is computable if and only if & (x) = Wy
for some computable function f and all x. Informally, each strategy of uniform algorithmic enumeration of a family 4
automatically finds a W-index of any set of the family by means of its approximation (or text) given by this strategy. And if,
for every set in 4, we change our strategy finitely often (as we usually do in the priority constructions with finite injuries)
then we will get a suitable W -index eventually. This informal consideration is a base for understanding the close connections
between procedures of constructing computable numberings and language identification.

Most of the classes of c.e. sets considered in the theory of inductive inference are not computable. It seems that this is
caused by the study of learning in the limit of families of computable functions. There, for a family of computable functions
which has a computable numbering, the set of the least indices of the functions with respect to that numbering is computably
enumerable. This immediately gives the existence of a learning strategy in the limit. Nevertheless, we could observe that
special computable classes of c.e. sets are used as extensions of learnable (but not necessarily computable) classes (for
instance, see the characterization of language identification in [12,11]). On the other hand, the study of non-computable
families of c.e. sets is not too interesting for the theory of numberings, so in our paper we will deal only with computable
families of c.e. sets.

It is well known [13] that computable families of finite sets, finite classes of computably enumerable sets, and some
classes of the graphs of computable functions are TxtEx-learnable. On the other hand, the computable numberings of any
of these classes are pairwise equivalent with respect to the reduction by 0’-computable functions. It might be that these
observations led Frank Stephan to propose the following conjecture to one of the authors of this paper:

For every computable family + of c.e. sets, the following are equivalent.

(i) A is TxtEx-learnable.
(ii) All computable numberings of 4 are 0'-equivalent.

Our aim is to demonstrate that one of the directions of this statement is true, namely the direction (i) = (ii) (see Theorem 3.1
below) and to prove that the converse fails. In fact, we show that there is a computable family of c.e. sets A such that all
computable numberings of « are equivalent with respect to the reduction by computable functions and such that # is not
TxtEx-learnable (see Theorem 4.1 below).

This leaves the question of whether we can restore Stephan’s conjecture if we replace explanatory learnability by the
weaker notion of behaviorally-correct learnability. We answer this question negatively too by constructing a computable
family + of c.e. sets which is not TxtBC-learnable though all of its computable numberings are 0'-equivalent (see Theorem 6.1
below). We also give a natural example of a computable TxtBC-learnable family of c.e. sets which possesses non-0'-equivalent
computable numberings (see Theorem 5.1 below). So, for a computable family 4 of c.e. sets, the TxtBC-learnability and 0'-
equivalence of all computable numberings are independent.

The outline of the paper is as follows. In Section 2 we introduce the basic concepts we will deal with. In Section 3 we
prove Theorem 3.1. It should be noted that this result is not new but that Frank Stephan was aware of this fact when he
communicated his conjecture to us. We first show that Theorem 3.1 is a consequence of some deep facts of learning theory.
Then we give a simple self contained proof using some technique of the theory of numberings. In Sections 4-6 we prove
Theorems 4.1, 5.1 and 6.1, respectively. The paper is finished with some concluding remarks in Section 7.

The present paper is an extended version of the presentation [1] given at the conference TAMC 2008. The results of
Sections 5 and 6 are added to the results of that presentation. Moreover, the proof of Theorem 4.1 which was only sketched
there is given in more detail here.

2. Preliminaries

We follow the monograph [5] in Russian and the survey papers [6,2] for the terminology and notations accepted in the
theory of numberings. A mapping o : N —> 4 of the set N of natural numbers onto a family 4 of computably enumerable
sets is called a computable numbering of A if the set {(x,n) : x € «a(n)} is c.e.,, and a family 4 of subsets of N is called
computable if it has a computable numbering. In other words, a computable family + is a uniformly c.e. class of sets, and
every computable numbering « of 4 defines a uniform c.e. sequence «(0), «(1), ... of the members of 4. A numbering «
is called reducible (0'-reducible) to a numbering B if « = B o f for some computable (computable relative to the halting
problem) function f. Numberings «, 8 are called equivalent (0'-equivalent) if they are reducible (0’-reducible) to each other.

We let ¢q, ¢1, @2, . . . be a standard enumeration of the unary partial recursive functions, and let Wy, Wy, W5, ... be the
corresponding standard enumeration of the family & of all c.e. sets where W, = dom(¢,). The halting problem is the set
K={e:qe(e) |} ={e:eec W}

The concepts of inductive inference we will deal with are as follows. (For more details see the monographs [13,16].) In
our context a language L will be just a c.e. set. A text for a set Lis a function t : N — N (i.e,, an infinite sequence of natural
numbers) such that range(t) = L. Below we will identify a text t for L with an ascending sequence of finite sequences of
natural numbers o, (n > 0),09 C 01 C 03 C ..., such that o,, is an initial segment t | n’ of t, and we let content(c,,) denote
the set of members of the sequence o,.
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A learner M identifies in the limit or learns in the limit a language L from a text t for L if

1. lim,_ o M(t | n) exists (we say in this case that M converges on the text t) and
2. L = Wiimy_, o0 M(t1n) 5
and M TxtEx-identifies in the limit or TxtEx-learns in the limit L if M identifies in the limit L from every given text t for L. M
TxtEx-identifies or TxtEx-learns a family A of languages if M TxtEx-identifies every language L € w+. Finally, we say that a
family - is TxtEx-learnable if it is TxtEx-identified by some computable learner. TxtEx denotes the class of all TxtEx-learnable
families, [8].

Alearner M behaviorally correctly identifies or behaviorally correctly learns a language L from a text ¢ for L if

1. M(t [ n) | foralln > 0and
2. L = Wy for all sufficiently large n;

and M TxtBC-behaviorally correctly identifies or TxtBC-behaviorally correctly learns L if M behaviorally correctly identifies L
from every given text t for L. M TxtBC-identifies or TxtBC-learns a family + of languages if M TxtBC-identifies every language
L € . Finally, we say that a family + is TxtBC-learnable if it is TxtBC-identified by some computable learner.

Below we will use the following well known observation.

Proposition 2.1. For every computable family A of c.e. sets, if 4 is TxtEx-learnable (TxtBC-learnable) then it is TxtEx-learnable
(TxtBC-learnable) by some primitive recursive learner.

3. Computable numberings of computable TxtEX-learnable families

In this section we will show that any two computable numberings of a computable TxtEx-learnable family of languages
are 0'-equivalent.

Theorem 3.1. Computable numberings of a computable TxtEx-learnable family of languages are pairwise 0'-equivalent.

We first point out how this fact can be deduced from a sequence of some known facts. Then we give a more simple direct
proof.

Let us recall the necessary notions and statements.

A sequence o is called a locking sequence for a learner M on a language L [4] if content(0) € L, Wy ) = L, and, for every
sequence o’,if o C ¢’ and content(c’) C Lthen M(c’) = M (o).

Alearner M is called order-independent [4] if, for every language L identified in the limit by M and for all texts t and t’ for
L M(t) = M(t).

A learner M is called rearrangement-independent [7,17] if, for all sequences o and ¢’ such that content(c) = content(c”)
and |o| = |o’|,M(c) = M(o").

The following two propositions are crucial.
Proposition 3.1 ([7,17]). For every computable learner M, there exists a computable learner M’ such that

o for every language L, if M identifies in the limit L then M’ also identifies in the limit L,
e M’ is order-independent,
e M’ is rearrangement-independent.

Proposition 3.2 ([4]). If M identifies in the limit L then there is a locking sequence for M on L.

Now, given a computable family + identified in the limit by a learner M, then one can replace M by a learner M’ as in
Proposition 3.1 and try to find the least locking sequence (relative to some coding of sequences) for any given language
L € . By this crucial idea developed in [11,12] to characterize TxtEx-identifiable classes, it is easy to deduce the following
statement from [11].

Proposition 3.3. If M identifies in the limit a computable family + of c.e. sets then there is a 0'-computable function f such that
forevery L € A and every two numbers i, j, if W; = L, W; = L then f (i) = f (j) and Wy = L.

Evidently, Proposition 3.3 implies that any two computable numberings of 4 are 0'-equivalent.

We now turn to our more simple, direct proof of Theorem 3.1. Our proof will use the following representation of
computable numberings by Lachlan (see [3] for the details).

Let +4 be a computable family of c.e. sets. We say that a c.e. set A represents 4 if A = {W, : x € A}. Now if A represents A
then any computable function f enumerating A induces a computable numbering oy of A where ay(x) = Wy (). Moreover,
if f and g are computable functions enumerating A then the corresponding numberings o and «, of » are equivalent. So,
up to equivalence, any c.e. set A representing -+ induces a unique computable numbering of 4 in the way just described.
Conversely, for any computable numbering « of +4, there is a c.e. set A representing -+ such that the numbering induced by
A is equivalent to «. The latter follows from the following well known fact of the theory of numberings: o« : N — A C &
is a computable numbering iff « is reducible to the standard numbering W = (W, : e > 0), so A can be chosen as the range
of a function which reduces o to W.

In the following we will refer to the above observations on representations as Lachlan’s representation theorem. The
following lemma gives a criterion for the numberings induced by two representations of a computable family to be 0'-
equivalent.
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Lemma 3.1. Let A and B be c.e. sets such that
{(Wy:aeA} ={W,:beB} (1)

and let o and B be the numberings induced by the sets A and B respectively. Then « is 0'-reducible to j if and only if there exists
a computable function g : N x N — N such that, for any a € A,

lim g(a,s) | & lim g(a,s) € B & Wy = Wiim, » g(as)- (2)
55— 00 $§— 00

Proof. The proofis a straightforward modification of the proof of Lemma 2.2 from [3]. O
Based on the above observations on numberings we can now present our proof of Theorem 3.1.

Proof. Let 4 be a computable TxtEx-learnable family, let M be a computable learner of +, and let A and B be any c.e. sets
such that

A={W,:aeA} ={W,:beB)}.

By Lachlan’s representation theorem and by Lemma 3.1, it suffices to define a computable function g satisfying (2).
In order to do so, we will show that there is a computable function

state : N°> — {0, 1}

such that, for any numbers a € A and b € B the following hold.

W, =W, = lim state(a,b,s) | & lim state(a, b,s) =1 3)
5—>00 $—>00

W, # W, = lim state(a, b,s) | & lim state(a, b,s) = 0. (4)
§—00 $—>00

If we define the function g by letting g(a, s) be the least b € Bs such that state(a, b, s) = 1 (if there is such a b and by
letting g(a, s) = 0 otherwise) then g will have the desired properties. Namely, given a € A, by (1), we may fix b minimal
such that b € B and W, = W,. Then, given a stage s such that b € B, by (3) and (4), we may fix s; > s such that, for
s > sy, state(a, b, s) = 1 and state(a, b’, s) = 0 for all b’ < b. So, for any stage s > s1,g(a, s) = b.

The function state(a, b, s) is defined by induction on s. Simultaneously with state(a, b, s) we define a finite string o (a, b, s)
over N and we let content(o (a, b, s)) be the set of numbers occurring in o (a, b, s).

Fors = 0 we let o(a, b, 0) = A and state(a, b, 0) = 1. For the definition of o (a, b, s 4+ 1) and state(a, b, s + 1) we
distinguish the following mutually exclusive cases.

Case 1: content(o (a, b, s)) € Wy s N Wh .

Thenleto(a, b,s + 1) = o(a, b, s) and state(a, b, s + 1) = 0.

Case 2: content(o (a, b, s)) € W, s N W, s and

M(o(a,b,s)) = M(o(a, b, s)W,s) = M(o(a, b, s)W).

(Here W, ; is viewed as the string of the elements of W, ; in the order of enumeration (and, similarly, for W}, ;).)
Thenleto(a,b,s + 1) = o(a, b, s) and state(a, b, s + 1) = 1.
Case 3: content(o (a, b, s)) € W, s N Wy sand M (o (a, b, s)) # M(o(a, b, s)Wg ) or M(o (a, b, s)) # M(o(a, b, )Wy ).
Thenleto(a,b,s+ 1) = o(a, b, )Wy W} sif M(c (a, b, s)) # M(o(a, b,s)Wy) ando(a, b,s+1) = o (a, b, s)Wp Wy s
otherwise. In either case let state(a, b, s + 1) = 0.
This completes the definition of o and state.
To show that the function state satisfies (3) and (4), fix a € A and b € B. Note that, by definition,

o(a,b,s)Eo(a,b,s+1), (5)

content(o (a, b, s)) € Wy s U Wy, (6)
and

o(a,b,s)yc o(a,b,s+ 1) = content(o(a,b,s)) C Wys N Wps. (7)

Next we will show that there are only finitely many stages s such that Case 3 applies in the definition of o(a, b,s + 1)
and state(a, b, s + 1). For a contradiction assume that this happens infinitely often. Since, for s < s’ such that Case 3 applies
tos+ lands’ + 1, content(o (a, b, s+ 1)) = W, s UW, ; and content(o (a, b, s + 1)) < content(o (a, b, s')) € Wyy "W, g, it
follows that W, UW, € W, NW, hence W, = W,. So the infinite sequence lim,_.», o (a, b, s) is an enumeration (i.e., a text)
of both W, and W,,. Moreover, if Case 3 holds at stage s + 1 then the extension o (a, b, s+ 1) of o (a, b, s) is chosen in such a
way that M (o (a, b, s)) # M(o) for some o witho (a, b,s) — o C o(a, b, s + 1). So on the sequence lims_,, o(a, b, s) the
learner M changes its mind infinitely often, hence does not learn W, contrary to assumption.

Now, since Case 3 applies only finitely often and since o (a, b, s) is only extended at a stage s + 1 at which Case 3 applies,
we may fix so such that o(a, b,s) = o(a, b, sp) for all s > sg and Case 3 does not apply after stage sq. Distinguish the
following two cases.
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First assume that content(o (a, b, s9)) € W, N W,,. Then, by (6), W, # W), and Case 1 applies to all stages s > s, hence
lims_, o state(a, b, s) = 0. So (4) holds.

Finally, assume now that content(o (a, b, sp)) € W,NW,.Then, for everys; > so with content(o (a, b, s9)) € W s, NWps,,
Case 2 applies to all stages s > s; hence lim;_, o, state(a, b, s) = 1. It remains to show that W, = W, in this case. Now, by
definition, M (o (a, b, o)) = M(o (a, b, s))Wys) and M(o (a, b, Sp)) = M(o (a, b, s))Wj 5), so given the enumeration of W,
obtained by the initial segments o (a, b, So)Wy s (S > s1), the learner M does not make any changes in his prediction after
stage sq. Since M learns W, this implies that M (o (a, b, sp)) is an index of W,. By a similar argument, M (o (a, b, sg)) is an
index of W), too, hence W, = W,,.

This completes the proof of Theorem 3.1. O

4. A non-TxtEx-learnable class with only equivalent numberings

In this section we give a counterexample to the converse part of the conjecture of Frank Stephan. Indeed, we will prove
the following stronger statement.

Theorem 4.1. There exists a computable family A of c.e. sets such that all computable numberings of 4 are pairwise equivalent
and 4 is not TxtEx-learnable.

Proof. It suffices to construct a computable numbering « such that for the family A4 = {a(x) : x € N} of c.e. sets the
following hold.

(a) All computable numberings of 4 are equivalent to .
(b) + is not TxtEx-learnable.

Indeed, we will build a positive numbering «, i.e., a numbering « such that the relation «(x) = «(y) is c.e. in x and y.
Any positive numbering is minimal under reduction, [15]. So, in order to ensure (a), it suffices to reduce all computable
numberings of 4 to the numbering «. Moreover, in order to ensure (b), by Proposition 2.1 it suffices to guarantee that no
primitive recursive learner TxtEx-identifies +.

Requirements. Let Mgy, M1, ... be a computable sequence of all primitive recursive learners, and let yy, ¥4, ... be a uniformly
computable sequence of all computable numberings of computable families of c.e. sets. Then the numbering « has to meet
the following requirements for all k, e € N:

& : « is a computable positive numbering.
Ry o If yi is a numbering of 4 then y is reducible to «.
M : For some m, M, fails to TxtEx-learn the set o (m).

We will refer to R, as the kth reduction requirement and to N, as the eth nonlearning requirement. The priority ordering
among the requirements R and ., is defined as usual by giving requirements with a smaller index higher priority and by
giving R, higher priority than ;. The requirement  is global.

Strategies. We identify each a-index n with a triple of numbers, n = (e, i, j), where the individual components of n have
the following meaning:

e ¢ means that the set «(n) might be used for diagonalizing against the learner M,, i.e., for meeting the nonlearning
requirement A,

e i denotes the attempt number for trying to diagonalize against M, (due to our strategy for meeting the higher priority
reduction requirements, a single attempt might not suffice),

e jmeans that a(n) is the jth candidate in the ith attempt for diagonalizing against M,.

We denote the components e, i, j of a triple n = (e, i, j) by m(n), m(n), and 75(n) respectively. Moreover, we refer to
the sets a(n) with 7r1(n) = e and 71, (n) = i as the sets in section (e, i) or sets in the ith e-section. (So sets in the ith e-section
(e, i) are reserved for the ith attempt for meeting .A,.)

For meeting the requirements & and Ry we have to take some precautions in the enumerations «°(n) of the sets «(n),
where o (n) denotes the finite part of «(n) enumerated by the end of stage s of the construction below. (As usual, for any
parameter p used in the construction which depends on stage s, we assume that p retains its value at stage s+1,i.e., p’*! = p’,
unless explicitly stated otherwise.)

Let b(n) = 2n and let a(n) = 2n + 1. Initially, we let

o®(m) = {b(m) (®)

and call b(n) the base element of a(n). So, for n £ m, a®(n) # «®(m) and «°(n) can be positively distinguished from «°(m)
by its base element. In fact, sets in different sections will be permanently distinguishable by their base elements, i.e., the
base element of a set a(n) will never be put into any set «(m) in a different section:

[rr1(m) # m1(n) or mp(m) # m2(M)] = b(n) € a(n) \ a(m). (9)
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Numbers a(s) may be enumerated into some sets «(m) in the course of the construction, where a(s) will not enter any set
o (m) before stage s. Moreover, for sets o(m) and «(n) in the same section (e, i) the conclusion of (9) may fail since our
strategy for meeting the nonlearning requirements may force us to enumerate the base element of «(n) into «(m). (If this
happens, the role of the base element of «(n) will be played by some new number a(s) put into «(n) before b(n) enters o (im)
— unless we make «(n) and o(m) agree.)

After stage 0 numbers will be enumerated into the sets «(n) only by the strategies for meeting the nonlearning require-
ments. It will be convenient to let these strategies act at even stages only, while the strategies for meeting the reduction
requirements will build the required reduction functions at odd stages. So, for s, n > 0,

ot (n) = a®(n). (10)

Strategy for meeting . In order to make « positive we ensure that two sets «(m) and «(n) which agree at some stage
will agree in the limit and, conversely, that sets which agree will agree from some stage on, i.e. for all stages s and numbers
mand n,

of(m)=a’(n) =Vt >s (@' (m=a'(n) (11)
and
a(m) = a(n) = 3t (@' (m) = a'(n)). (12)

So, in particular, «(m) = «(n) if and only if «*(m) = «°(n) for some stage s. By effectivity of the construction, this implies
that {(m, n) : «(m) = «(n)} is computably enumerable.

Strategy for meeting R;. The strategy for meeting the reduction requirements is more involved. Fix uniformly computable
enumerations {y; (x)}s>o of the sets y;(x), k, x > 0, such that ¥ (x) is finite and y,f‘“ x) = ykzs(x). (Le., just as for the sets
«(n) we limit the enumeration of numbers into the sets y,(x) to even stages.)

We say that k is correct if yy is a numbering of 44, i.e.,

A = {y(x) : x > 0} (13)

So, assuming that k is correct, we have to define a reduction g, of 4 to «, i.e., a computable function gi such that

Vx (i) = a(g(x))). (14)

At stage s of the construction, g will be defined on a finite initial segment O, ..., x; — 1 where xg = 0, and we let g;(x)
denote the value of gi(x) for 0 < x < x;. The domain of g, will be extended at odd stages only.

Note that, assuming (13), it follows from (8) that any set y,(x) contains at least one base element. So, before defining
gk(x) we can wait for a stage such that a base element has entered y(x). If s is the least stage such that y;;(x) contains a
base element and b({e, i, j}) is the least base element in y; (x) then we call (e, i) the target section of gi(x) and denote it by
(ex.x» ik.x)- Note that, still assuming (13), it follows from (9) that yx(x) is a member of section (e x, ix x) hence we will have
to set gx(x) = (ex.x, ix.x,j') for some numberj > 0.

In fact, if the target section (ey x, ix.x) Of gk(x) is connected to a higher priority nonlearning requirement, i.e., ey x < Kk,
then the value of g, (x) will be specified only at the end of the construction (using some finite information on the outcomes
of the strategies for meeting the higher priority nonlearning requirements V., e < k). In the course of the construction we
will only assign the temporary value g, (x) = L.

For defining g (x) if the target satisfies e; x > k, we have to introduce some more features of the construction first. So it

will be crucial to note that at any stage of the construction the sets in a section (e, i) will be in one of the following states.

e Section (e, i) is unused at stage s. If unused at s, all sets in section (e, i) are still in their initial state, i.e. &@*({e, i,j)) =
(e, i,j)) = {b((e, i,j))} forj > 0. All sections are unused at stage 0.
e Section (e, i) is active at stage s. Once active, section (e, i) will stay active forever unless it will be eventually cancelled.

e Section (e, i) is cancelled at stage s. If (e, i) becomes cancelled at stage s first then s is even and (e, i) remains cancelled
for ever. Moreover, forn > 1andj < n,

a2 (e, i) = | e ((e.i.1)) U{a(0). ... a(s + m)}. (15)

j'=n
So, in the limit, all sets in section (e, i) are merged and trivialized, namely,
a((e,i,j)) = {b(n) : m1(n) = e & mp(n) =i} U {a(n) : n > 0} (16)

for allj > 0. (Note that this procedure is consistent with (10)-(12).)
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Now, if gi(x) has target (ex x, ixx) With e, x > k then we ensure that the value (e y, i x, jkx) assigned to gi(x) is correct
as follows. If we let gx(x) = (ek.x, ik.x, jk.x) at stage 2s+1 then we choose ji x such that y,f‘(x) = o ((€)x» Tkxs jk.x)). In Order
to preserve this agreement we limit the action of enumerating the base element b({e, i, j)) of a set «({e, i, j)) in a section
(e, i) into another set a({e, i, j')) of this section as follows. Unless we do not merge the sets a({e, i, j)) and a({e, i,)), i.e.,
seta((e,i,j)) = a({e, i,j)), before we put b({e, i, j)) into a({e, i, j')) we put a new number a(t) (taking over the role of the
base element) into a({e, i, j)) which will never enter «({e, i, j’)) (unless «({e, i, j)) and a({e, i, j}) are merged later). In fact
we may iterate this game, i.e. we may put the element a(t) — which has taken over the role of the base element of o ({e, i, j))
- into a({e, i, j')) or some other set a({e, i, j’)) later but we do not do this unless we have added a new distinguishing el-
ement a(t’) to a({e, i, j)) before. (This will not happen here but in the proof of Theorem 6.1.) What will be crucial is that
these procedures guarantee

alle.i,)) #a((e.i,j) = VsIyly € a®(e i, ) \ «® ((e, i, /)] (17)

Moreover, if (e, i, j) has been assigned to some g (x) prior to the stage 2s+2 at which we want to put b({e, i, j)) (or some other
element of «({e, i, j))) into the set @ ({e, i,j')) then this action is delayed until the new number y distinguishing «({e, i, j))
from the other sets in the section has shown up in y(x) too. (If k is correct this delay will be finite.)

Finally, we have to (further) slow down the enumeration of the sets in a given section (e, i) in order to ensure that, for
correct k and for any x such that g (x) has target (e, i), gx(x) can be eventually assigned a currently correct value.

We now formally define the strategy for meeting the reduction requirement Ry, for given k > 0.

The restraint on enumerating numbers into the sets « (1) imposed by R, is as follows.

Forx < x,zf“ call x k-incorrect (on section (ey x, ik x)) at stage 2s+1ifk < ey x, (€kx, ixx) is Dot cancelled at stage 2s+1, and

YT ) # o™ (g(x)). (18)

Callx = xfgﬂ k-incorrect (on section (ex x, ikx)) at stage 2s + 1 if the target (e, ix x) Of gk(x) is defined at stage 2s + 1,
k < ey x (exx, ik x) is not cancelled at stage 2s 4 1,

Vi>0[yZ ) # o« (e, i, )] (19)

and there is no pair (k', x) such that (k', x') < (k, x), gy (x') has target (ex x, ixx) and g (x') becomes defined at stage 2s 4 1.

Call a number x k-correct at stage 2s + 1 if x is not k-incorrect at stage 2s + 1.

If there is a number x such that x is k-incorrect on (e, i) at stage 2s + 1 then section (e, i) is k-frozen (via x) at stage 2s + 2.
Section (e, i) is frozen at stage 2s+ 2 if (e, i) is k-frozen for some k < e.If (e, i) is frozen at stage 2s + 2 then no new elements
are allowed to enter any of the sets in this section at stage 2s + 2. (This is consistent with (15) since cancelled sections are
not frozen.) So, by (10),

(e, i) frozen at stage 2s + 2 = V j > 0 [a®({e, i, j)) = «*T2((e, i, j))]. (20)

Now the domain of g is expanded at odd stages as follows. Given s > k, gk(xis) becomes defined at stage 2s + 1 (and
x*T1 = x¥ + 1) if the following hold.

(D1) The target section (ek,xﬁs’ ik,xﬁs) of g (xﬁs) is defined at stage 2s.
(Dy) If €2 > k and section (ek,xﬁs’ ik,xﬁS) is not cancelled at stage 2s then there is a number j such that ykzs(xfs =

OB (e . T )
(D3) Forallx < x,zf there is a stage t such that u; < t < s and such that x is k-correct at stage 2t + 1 where u; is the least
stage u such that x* = x2.

The value of g (x;") is determined by distinguishing the following cases. If e, 2« < k, let git () = LIf € = kand

) . . 251,25\ _ . . . . ; .
section (ek,xﬁs, l,mﬁs) is cancelled at stage 2s, let g;°" (x°) = (ek,xﬁf’ i 2ss 0). Finally, if e = k and section (ek.xis’ lk_xis) is

not cancelled at stage 2s, let g+ (x) = (e, 5+ T 52 i ) Where i o s the least j such that Y& () = a®((e, 5> T 0 J)
K Tk Ak ’ 8 .

holds.

To show that this guarantees that, for correct k, the reduction g is total and correct (whenever g,(x) # L), we prove
a series of claims based on the assumption that the enumeration of the sets «(n) satisfies (10), (11), (15) (for cancelled
sections), (17) and (20). Fix k.

Claim 1. Assume that g (x) is defined (at stage 2s + 1). Then the target section (eyx, ixx) of 8x(x) is defined (at stage 2s) and
either ey x < kand gx(x) = L oregx > kand gx(x) = (exx, Ikx. jkx) for some number ji , > 0. (Moreover, if e; x > k, section
(ex.x ik.x) is not cancelled at stage 2s, and gy (x) becomes defined at stage 2s + 1 then ykzs x) = a®(ge(x)).)

Proof. Straightforward. O

Claim 2. Assume that k is correct. Then, for any x, the target section (e, iy) of gx(x) is defined and y,(x) = «({ey, iy, j)) for some
j=o.

Proof. Straightforward. O
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Claim 3. Assume that k is correct. Then, for any x, the following hold.

(a) gr(x) is defined.
(b) Ifgk(x) = (ek,x; ik,mjk,x) then J/k(X) = a(<ek,X5 ik,X7jk,X>)'
(c) There are infinitely many stages s such that x is k-correct at stage 2s + 1.

Proof. The proof is by induction. Fix x and assume that the claim holds for all X' < x. Let s, be the least stage s such that
xﬁs = x. By Claim 2, fix s’ > max(s, k) such that the target section (e, ixx) of gx(x) is defined at stage 2s’ and fix jo such

that Vk(x) = a(<ek,X7 ik,)th))'
Now, for a proof of (a), for a contradiction assume that gi (x) is not defined. Then xﬁs = xforalls > s,.So condition (D) for

defining g (x2°) is satisfied for all s > s’. Moreover, by inductive hypothesis, there is a stage s” > s such that (D3) holds for all
s > s”.So, since g (x) is not defined, condition (D, ) fails foralls > s”.Hence ey x > k, section (e, i) is never cancelled, and

Vs >s"VjlyE®) # o™ {erx ik )] (21)

7

Soif we let s be the least number s > s” such that, for any pair (K, x’) such that (k’, x’) < (k, x) and gy (x') is defined, g, (x")
is defined by stage 2s — 1, then, for s > s, x is k-incorrect at stage 2s + 1 hence section (ey x, ixx) is frozen at stage 2s + 2.

It follows, by (20), that o ({ex x, Ikx, J)) = azsw((ek,x, ixx,j)) for allj > 0 hence, in particular, all sets in section (e x, ixx) are
finite. By yx(x) = a({€k.x, ik.x, jo)) this implies
Ye®) = o’ ((ek x> ik.x» o))

for all sufficiently large s. But this contradicts (21).

For a proof of parts (b) and (c), fix s}, such that gi(x) becomes defined at stage 2s, + 1 and distinguish the following three
cases.

First assume that gx(x) = L. Then (b) trivially holds and e , < k hence x is k-correct at all stages 2s + 1 for s > s;.

Next assume that g, (X) = (ek.x, ik.x, jkx) and section (e, ix x) is eventually cancelled. By the latter and (16), all sets in
section (ex x, ixx) are merged. So

Vk(x) = a(<ek,m ik,)ujO)) = a(<ek,x; ik,mjk,x))

hence (b) holds. Moreover, once (e x, ixx) is cancelled, x will become k-correct forever.
Finally, for the remainder of the proof, assume that g, (x) = (exx. ikx, jkx), €x = k, and section (ey, ixx) is never can-
celled. For a proof of (b) and (¢) it suffices to show

EIOO N [szs(x) = azs((ek,x, ik,mjk,x))]~ (22)
For a contradiction assume that (22) fails. Since, by definition of gix(x) and choice of s,,

2 , , .
Ve 1) = ¥ (ge(x) = o™ ((erx» ikxs Jix))s

we may fixs” > s/ such that

Y2 %) = o (e, ik jex) &Y s > 8" [Y2E®X) 7 o0 (ko s jix)]. (23)
It follows that section (e, i) is frozen at all stages > 2s” + 4 hence, in particular,

(et ik Jo)) = @ T2 (€ s Jo))- (24)
By yi(x) = ar({exx, ikx, jo)) this implies that y; (x) = a*({ex . ikx, jo)) for all sufficiently large s hence, by (23),

o ({ekxs Ik x> Jkx)) 7 ({€kxs Tk xrJ0))-
So, by (17), there is a number y such that

2s" . . 25" +2 . .
Y € o® ((rxs ik diex) \ @ T2 ((€k s Tixs Jo))-

By (23) and (24), however, this implies thaty € p,(x) \ a({ek.x, ikx,jo)) contrary to y,(x) = ct({ek.x, ik.x»Jo))-
This completes the proof of Claim 3. O

By the first two parts of Claim 3, for correct k the reduction function g is total and, for any x such that gi(x) # L, the
reduction is correct, i.e., Yk (x) = o (g (x)).

To show that the severe limitations on the enumeration of the sets «(n) caused by the R strategies will not interfere
with the task of meeting the nonlearning requirements, the following observations will be crucial.

Claim 4. Assume that the domain of g is infinite. Then, for any x, g (x) is defined and there are infinitely many stages 2s + 1 at
which x is k-correct.

Proof. The first part is straightforward. The second part follows from clause (Ds) in the definition of gk(xﬁs). O

We say that a section is permanently frozen if it is frozen at all sufficiently large even stages.
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Claim 5. For any number e there are only finitely many e-sections which are permanently frozen.

Proof. Fix e. For k such that the domain of g is finite, let x, = limy_, o X; = sup;_, o, X;, and fix iy such that, forany k < e
such that the domain of g is finite and for any x < x; such that g, (x) has target (e, i) for some i, i < iyp. We will show that,
for i > ip, section (e, i) is not permanently frozen.

For a contradiction assume that i > iy and (e, i) is permanently frozen, say (e, i) is frozen at all stages 2s with s > s,.
Then, by definition, section (e, i) is never cancelled and

Vs >sg 3k <e3x [xk-incorrect on (e, i) at stage 2s + 1]. (25)
Moreover, by (20),
Vs>s0Vj=0lae i) =a®(e i) = o™ ((eij)] (26)

In order to get the desired contradiction we will refute (25).

We start with some simple observations. Let I be the set of all (coded) pairs (k, x) such that x is k-incorrect on (e, i) at
some odd stage. Then, for (k, x) € I, k < e and g, (x) has target (e, i). By i > iy, this implies that the domain of g is infinite.
Hence, by Claim 4, g is total and x is k-correct at infinitely many odd stages.

By the latter, and since there are only finitely many pairs (k, x) in I such that gy (x) is defined by the end of stage 2sq+ 1, we
may fix a stage s; > sg such that, for any such pair (k, x), there is a stage t, sy < t < sy, such that x is k-correct at stage 2t + 1.

Next fix s > s; and (k, x) in I such that g (x) is defined by stage 2s + 1. We will show that x is k-correct at stage 2s + 1.
Fix u such that g (x) becomes defined at stage 2u + 1. We first observe that there is a stage t, max(sg, u) < t < s, such
that x is k-correct at stage 2s 4+ 1. For u < sy this is immediate by choice of s; and by s > s1. If u > sg thent = u will do
since, by clause (D,) in the definition of g, x is k-correct at the stage at which g (x) becomes defined. So, in order to show
that x is k-correct at stage 2s + 1, it suffices to show that, assuming that x is k-correct at stage 2t + 1 where t > s and

2t“(x) is defined, x is k-correct at all stages 2s + 1 > 2t + 1. Now, by choice of t, gx(x) = (e, i,j) for some j > 0 and

2[“ (x) = a®*1((e, i, j)). It suffices to show that the latter equation holds for all 2s+ 1 > 2t + 1in place of 2t + 1. Now, by
t z Sp and (26), a({e, i, j)) has reached its final value at stage 2t + 1. So the equality will only be destroyed if a new number
enters i (x) after stage 2t + 1. In this case, however, x will be k-incorrect at all sufficiently large odd stages. But, as observed
above, for (k, x) € I this is impossible.

Now, by our last observation and by (25), for any stage s > sy, there is a pair (k, x) in I such that x is k-incorrect on (e, i)
at stage 2s+ 1 and g (x) is not yet defined at stage 2s+ 1. Let (k’, x’) be the least coded pair which has this property for some
s> s1.By (K, X') €I, gy is total hence there is a stage v > s > s; such that gy (x') becomes defined at stage 2v + 1. It follows,
by definition and by minimality of (k’, x), that no pair (k, x) such that g (x) is undefined at stage 2v + 1 is k-incorrect on
(e, i) at stage 2v + 1, a contradiction.

This completes the proof of Claim 5. O

Strategy for meeting N.. Given the ith e-section (e, i), in the ith attempt for meeting .V, we build a (finite or infinite)
sequence of strings over N, namely
021- C a;,i C---C afi
G* = 0)or
OpiC O COsC
such that - if the ith attempt is the successful one - either

content(a )C a{e,i,0) Na({e, i,j* + 1)) & M, fails to learn «({e, i, 0)) or a({e, i, j* + 1)) (27)
or

Ucontent(oe ) =a({e, i, 0)) & M, fails to learn «({e, i, 0)) from the text o, ; = lim U (28)

h j—00 el

jeN

This is achieved by induction onj > 1, where string a ; is defined in cycle j given below ( ; is the empty string).

When cycle 1 is started at stage 2s; then s; > 0, sectlon (e, i) was unused at stage 2s; — l and section (e, i) becomes
active at stage 2s,. Cycle j will affect «({e, i, 0)), called the primary set of section (e, i), and «({(e, i, j)), called the active set
(in cycle j). If cycle j is started at stage 2s;, the active set and the sets «((e, i,j')) withj’ > j, called unused sets, are still in
their initial states. If cycle j is completed, the active set is cancelled and merged with the primary set. (So the cancelled sets
agree with the primary set.) Moreover, at the start of cycle j, there will be a unique number, denoted by Bj_1((e, i, 0)) and
called the critical element of the primary set, such that the primary set is the disjoint union

a®i({e, i, 0)) = content(o?; ) U {bj_1({e, i, 0))}. (29)

Forj =0, Bo((e, i, 0)) = b((e, i, 0)) while, forj > 1, Bj((e, i, 0)) = a(j) where a(j) is enumerated into the primary set at the
end of cycle j. The critical element will positively distinguish the primary set from all other sets in section (e, i) which have
not been merged with the primary set.

Now cycle j (started at stage 2s;) is as follows.

Cyclej(j = 1).
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1. Wait for the least sJ( > s; such that section (e, i) is not frozen at stage 25} + 2.
2. At stage 251’. + 2 enumerate the elements of the primary set with exception of the critical element into the active set:

o (e, 1,j)) = @ (e, i,j)) U L™ ({e, i, 0)) \ {B_1({e, i, O))}]. (30)
1. Wait for the least stage s/ > 2s; + 2 such that
Me(o?; ' bi—1 (e, i, 00) ~ %) £ M (ol (31)
or
Me(a?; 'b(fe, 1, )%~ # Me(al7 ). (32)

3. Wait for the least sj(” > sj// such that section (e, i) is not frozen at stage 25}” + 2.
4. At stage 2s/” + 2 complete the cycle.
Merge the active set with the primary set and add a new critical number to the primary set:

Vi <j @ (e i) = o™ (e.i,0) Ua™ ((e,1,)) U {by((e. i, 0))) (33)
where Bj((e, i, 0)) = a(j). (Note that once a set is merged with the primary set it will agree with the primary set at all later
stages hence in the limit; i.e., if a number is enumerated in the primary set then it is tacitly simultaneously enumerated
in all sets previously merged with the primary set.)

Define o} ; as follows.

i Jolit biae. i 0)Y "5 b((e,i,j)) if(31) holds
Oei =) _j-1 .S —(25042) 7 . .
o,; b({e,i,j))7 " bi_1({e,i,0)) otherwise.

Declare the active set «({e, , j)) cancelled and start cycle j + 1 with the new active set «({e, i,j+ 1)) at the next even
stage, L.e., let 2s;,1 = 25/ + 4.

Note that it may happen that cycle j cannot be completed since we wait in step 1 or step 3 or step 4 forever. In this case
the sequence (o', is finite and j* = j — 1.

Numbers are enumerated into sets of section (e, i) after stage 0 only in steps 2 and 5 of the above cycles (unless section
(e, i) is cancelled and trivialized according to rule (15)). So, by a straightforward induction on j, the following hold.

(S1) Ifthe attackis in cyclejat stage s (i.e., 2s; <'s < 2s;”+2) then the still unused sets o* ({e, i, j'}),j’ > jare still in their ini-
tial states, and their base elements have not yet entered any other set, i.e, forj’ > jandj” #j,b({e, i,j)) &€ &*({e, i,]")).

(S2) If the attack is in cycle j at stage s and cycle j is not yet completed (i.e., 25; < s < 25;.” + 2) then the base element of the
active set o°({e, i, j)) has not yet entered any other set, i.e, b({e, i, j)) & «*({e, i,j')) forj’ # j. Moreover, a*({e, i, j}) is
in its initial state (if s < 2s; +2) or

o ({e, i, ) \ b((e, 1, ) = &*((e, 1, 0)) \ bj_1({e, i, 0)) = content(c’; ")

(if s > 2s; + 2).
(S3) If the attack is in cycle j at stage s and cycle j is not yet completed (i.e., 2s; < s < 251’-” + 2) then the primary set agrees
with all previously cancelled sets:

Vi <jiVt=s(a'((ei0)=a'((eij))).
Moreover, the critical element of the primary set has not entered the active set:

bi-1({e, i, 0)) € *({e, i, 0)) \ &*({e, i, ).
(S4) If cyclejis completed at stage s (i.e.,s = 2sj/-” + 2) then the active set is cancelled and merged with the primary set, i.e.,
at((e,i,j)) = a'({e, i, 0)) forall t > s. Moreover, Bj((e, i,0)) = a(j) and &*({e, i, 0)) = o*i({e, i, 0)) U {Bj((e, i, 0)}.

This easily implies that the enumeration of the sets «(n) in section (e, i) obeys the rules (10)-(12),(17) and (20): if section
(e, i) is unused, this is trivial. Moreover, once cancelled, (9)-(12) hold as observed above; (17) and (20) become trivial, since
in a cancelled section all sets are made to agree and since a cancelled section cannot become frozen. So we may assume that
(e, i) is active.

Then (10) and (20) hold since steps 2 and 5 in a cycle are limited to even stages at which section (e, i) is not frozen.

For a proof of (11) note that, by the above observations, forj’ < j”, the sets a*({e, i, j')) and &*({e, i, j’}) agree at stage s if
and only if both sets have been cancelled by stage s or the first set is the primary set and the second set has been cancelled,
and in either case the sets will agree forever. Similarly, for a proof of (12) note that, for j/ < j”, the sets a({e, i,j')) and
a(({e, i,j")) agree in the limit if and only if both sets are eventually cancelled or the first set is the primary set and the second
set is eventually cancelled.
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For a proof of (17) fix j/ < j” and s such that «({e, i, ")) # a({e, i,j”)). We have to show that there are numbers y’ and
y” such that

Y ea® (e, i, i)\ e ((e,i.j") &Y' € @ ((e,1,7") \ @® 2 (e, i,])). (34)

Since all cancelled sets are merged with the primary set, «({e, i,j')) # «({e, i,j’)) implies that j” is never cancelled. So the
attack gets stuck in some cycle j and eitherj < j” orj’ < j = j”. In the former case, by (S1), a({e, i, j’)) will be in its initial
state forever and its base element will not enter any other set in section (e, i). So (34) will hold for y’ = b({e, i,j')) and
y" = b({e, i,j”)). In the latter case, it follows from (S,) that the base element of the active set a({e, i, j)) will never enter
any other set in section (e, i) hence, by j = j”, y" = b({e, i, j)) will do. Similarly, by (S3), the critical element qu (e, i, 0))
of the primary set will be an element of a set in section (e, i) if and only ifj/ < j.Soy’ = Bj,l ({e, i, 0)) will satisfy (34).

The above observations show that the A, strategy is compatible with the & strategy and R/, strategies. So, in particular,
requirement & is met and Claims 1-5 above are true.

To explain why the N, strategy succeeds in meeting requirement N, we first show that - assuming that no cycle gets
stuck in step 1 or step 4 and that section (e, i) is never cancelled - the sequence (o,';) built by the above described attack
has property (27) (if finite) or (28) (if infinite), hence witnesses that M, fails to TxtEx-learn .

First assume that the attack gets stuck in a cycle j. Then the sequence (ae'fi) is finite and j* = j — 1. Moreover, by
assumption, the attack gets stuck in step 3 of cyclej, i.e., we wait forever for a stage s]’/ > 25}4—2 such that(31) or(32) holds. So

V> 1 [M(ol; b1 ({e. i, 0)") = Me(o); ' b({e, i,i)™) = Me(a?; D)]1. (35)
and, by (S,) and (S3),

a(fe, i, 0) = a2 ((e, i, 0)) = content(o?; ") U {h;_1((e, i, 0))}
and

a(le, i) = & ((e,1,j)) = content(ol; ) U{b((e, i, )}

where Bj_l((e, i,0)) # b((e, i, j)). . )
So a((e,i,0) # a(le,i,j)), o, 'bi_1({e,i,0))” is a text for a({e, i, 0)), and o2 'b((e, i, j) is a text for a((e, i, j)).

Finally, by (35), the learner M, learns from both texts the index M, (afi). So M, fails to TxtEx-learn a({e, i, 0)) or @ ({e, i, j)).
It follows with j* = j — 1 that (27) holds.
Now assume that the attack gets never stuck, i.e., that all cycles are completed. Then the sequence (o;';) is infinite. More-

over, given j, by completion of step 3 of cycle j, (31) or (32) holds, and in step 5 of cycle j the extension o;',i of 02;1 is chosen
so such that

Me(0},) # Me(0) ).
Since, by (S;) and (Sy4),

a®i((e,i,0)) < content(0; ) a5+ ({e, i, 0)),

it follows that o ; = lim;_, aé,,‘ is a text for a((e, i, 0)) and the learner M, changes its mind on the text o, ; infinitely often.
So (28) holds.

By the above, in order to meet requirement A, it suffices to ensure that there will be an attack which does not get stuck
in step 1 or step 4 of any cycle and which is not cancelled. This is achieved by starting attacks on .V, as follows.

1. At stage 2e + 2 an attack on section (e, 0) is started.
2. If at stage s there is an attack on a section (e, i) whichisinacyclejand s € {2s; + 2, 25} + 2, 257 + 2, 25;/’ + 2} then fix
i minimal with this property.

Say that (the attack on) section (e, i) acts at stage s. Cancel all attacks on sections (e, i') with i’ > i, i.e., cancel all
sections (e, i') with i’ > i at stage s which were active at stage s — 2. Moreover, if s = 2s; + 2 or s = 25/ + 2 (i.e, the
attack has reached step 1 or step 4 of cycle j and begins to wait for a stage at which section (e, i) is not frozen) then start
a new attack on section (e, i') at stage s where i’ is chosen minimal such that (e, i) is unused at stage s — 2.

To show that this suffices to get a valid attack, for a contradiction assume that there is no attack on any e-section (e, i)
such that the attack does not get stuck in step 1 or step 4 of any cycle and such that (e, i) is never cancelled. So, if there is
an attack on a section (e, i) which is never cancelled, the attack gets stuck in step 1 or step 4 of some cycle. Obviously this
implies that section (e, i) is permanently frozen. Since, by Claim 5, there are only finitely many i > 0 such that section (e, i) is
permanently frozen, we get the desired contradiction by showing that, foranyi > 0, there isanumberi’ > isuch that section
(e, i") becomes active and is never cancelled. The proof is by induction. Fix i. If i = 0 then i’ = 0 has the required properties
since section (e, 0) becomes active but cannot become cancelled. Ifi > 0, by inductive hypothesis choosei” > i— 1 such that
section (e, i”) has the required properties. If i” > i we are done. So assume i’ = i — 1. Since the attack on (e, i — 1) is never
cancelled it gets stuck at some stage s at the beginning of step 1 or step 4 of some cycle. So a new attack is started on a section
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(e, ") where i’ > iis minimal such that (e, i) is unused at stage s — 2 and all sections (e, i”’) withi < i”” < i’ are cancelled
at stage s. By the latter, since (e, i) will not act after stage s and since (e, i) is never cancelled, (e, i") will never be cancelled.
This completes the construction of the sets «(n) and the proof that the nonlearning requirements ., are met. By our
previous discussion of the requirements & and Ry, it only remains to show that, for a reduction requirement & such that
k is correct, we can effectively replace the temporary values g,(x) = _L assigned to the reduction function g in such a way
such that (14) holds.
So, for the remainder of the proof, fix k such that k is correct, i.e., (13) holds. Now, if gj(x) = _L then we have
computed a target section (ey, ixx) for gx(x) by stage s such that e, < k and yp(x) is a set in section (e, ixx), i.€.,
Y(X) = ot({ek.x, ik.x» Jkx)) fOr some ji . So, given e < k, it suffices to define a partial computable function j, such that

Vxlex=e=je() | & () = a((e, ikx, je(®)))]. (36)

For defining such a function j,, we have to analyse the possible outcomes of the strategy for meeting nonlearning re-
quirement M.

Note that any e-section (e, i) is either permanently unused or permanently active, i.e., active from some stage on, or even-
tually cancelled. Moreover, if permanently active, then (e, i) is either finitary, namely the corresponding attack gets stuck in
some cycle, or infinitary, namely the corresponding attack runs through all cycles.

Now, as observed above, there is a least number i such that section (e, i) is permanently active and, if finitary, the
corresponding strategy gets stuck in step 3 (not in step 2 or step 4) of the final cycle. Now, if section (e, i) is infinitary, then it
acts infinitely often and all sections (e, i) with i < i’ are eventually cancelled. On the other hand, if section (e, i) is finitary,
then, at the last stage s at which (e, i) acts, all previously active sections (e, i) with i < i’ are cancelled at stage s. Moreover,
since (e, i) does not get stuck in step 1 or step 4, no new e-section becomes active at stage s hence at the end of stage s all
sections (e, i") with i < i’ are cancelled or unused. Moreover the status of such a section (e, i') cannot change later since, at
the first change, some section (e, i) withi” < i had to act and section (e, i) became cancelled contrary to assumption. Since
by stage s only finitely many e-sections can become cancelled, it follows that almost all e-sections are permanently unused.

So, in any case, either almost all e-sections are cancelled or almost all e-sections are unused. This leaves the analysis of the
structure of a permanently active section (e, i). If (e, i) is infinitary then all sets «({e, i, j)),j > 1, are eventually cancelled,
hence merged with the primary set. If (e, i) is finitary and j is the final cycle then the active set «({e, i, j)) and any unused
set a({e,1,j')),j > j, can be positively distinguished from the other sets in section (e, i) by its base element. The cancelled
sets w({e, i,j')),j < j, are merged with the primary set, and «({e, i, 0)) can be positively distinguished by its final critical
element Bj,l ({e, i, 0)) from the uncancelled sets.

By the above analysis, the information on the final status of the e-sections (including the number j of the final cycle of a
permanently active finitary section (e, 7)) is finitely presentable, and, given this information, the partial function j, can be
defined as follows.

Fix x. By simulating the construction find the stage s (if any) at which the target (e, ix x) of gk(x) becomes defined. If
exx 7 e there is no need to define j.(x). So assume e, x = e and let i = iy ,. Distinguish the following cases depending on i.
If (e, i) is permanently unused then let j, (x) be the first number j such that b({e, i, j)) shows up in y,(x). (Since in an unused
section all sets consist of their base element only, yx(x) = «((e, i, j.(x))).) If (e, i) is permanently active and infinitary or
if (e, i) is eventually cancelled then let j.(x) = 0. (Since all sets in such a section (e, i) are merged, yx(x) = «a({e, i, 0)).)
Finally, if (e, i) is permanently active and finitary and the attack on section (e, i) gets stuck in cycle j then enumerate y; (x)
until either the critical element Bj_l((e, i, 0)) or a base element b({e, i,j')) withj’ > j shows up in y,(x), and let j.(x) = 0
orj.(x) = j, respectively. (Again, by our analysis above, y,(x) = a({e, i, je(x))).)

This completes the proof of Theorem 4.1. O

5. A TxtBC-learnable class with nonequivalent numberings

Theorem 5.1. There is a computable family A of c.e. sets which is TxtBC-learnable and which possesses computable numberings
« and B which are not 0'-equivalent.

Proof. Let A = {K UD, : n > 0} where K is the (diagonal) halting problem and D,, is the finite set with canonical index n.
Then, obviously, 4 is TxtBC-learnable: A learner M is obtained by letting M (o) be an index of K U content(c').

So it suffices to give computable numberings « and 8 of 4 such that 8 £¢ «.

Let o be the obvious numbering of 4 given by

a(n) =K UD,.

For the definition of the numbering g, fix a Hg—complete set C. 8 will code information on C in such a way that the existence
of a 0'-reduction of B to « could be turned into a Turing reduction of C to the halting problem (thereby contradicting the
I19-completeness of C).

Since C € Hé’ there is a computable set R such that, forn > 0,

neC & 3% ((n,x) €R).
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Define Vi iy by

N if32%x ((n,x) € R)

V, =
i {Q) otherwise.
Note that the sets V(, iy, n, k > 0, are uniformly c.e. So there is a computable function f such that

Wr(nky = Vinig - (37)

Moreover, by choice of R and by definition of V;, 4,

neC=vVk>0Vuny=N) (38)
and

ngC=3ky=0[Vk<ky Vi =N)&Yk=>ky Vipry =91 (39)
Now define 8 by letting

BR2n) =KU{f((n,0N}U{f((n,k+1)) : k> 0& V1 # ¥} (40)
and

BR2n+1) = an). (41)
Obviously, 8 is a computable numbering. Moreover, 8 codes C as follows.

neC= pRn) =K (42)
and

nédC=3x, €K (B(2n) = K U {x,}). (43)

(For a proof of (42) fix n € C. By (37) and (38), Wy((nky) = Viniy = Nforall k > 0. So, in particular, f({n, k)) € Wyn)»
i.e,, f({n,k)) € K for all k > 0. Hence 8(2n) = K by (40). For a proof of (43) fix n ¢ C and fix k; as in (39). Then, by (39)
and (40), B(2n) = K U {f((n, k)) : k < k,}. Moreover, as above, f({n, k)) € K for k < k, whereas f({(n, k;)) ¢ K since
Wf((n,kn)) = V(n,kn) =0.So ﬂ(Zn) =KU {Xn} fOl‘Xn =f((n, k,,)) ¢ K.)

Since, by (42) and (43), {8(2n) : n > 0} C A, it follows with (41) that 8 is a numbering of .

It remains to show that 8 £y «. For a contradiction assume that 8 <¢ « viag,i.e., B(n) = a(g(n)) whereg <r K.Then,
by (42) and (43) and by definition of «,

neC<& B2n) CK < a(g2n) €K < Dgan C K.

Since g <r K, and since, for given m, D,;, C K can be decided relative to K, it follows that C <7 K. But this contradicts our
assumption that C is Hg—complete.
This completes the proof. O

6. A non-TxtBC-learnable class with only 0’-equivalent numberings

In the proof of Theorem 4.1 we used the fact [ 15] that any positive numbering is minimal under reduction by computable
functions. The same is true for reduction by 0’-computable functions.

Proposition 6.1. Let o and 8 be computable numberings of a computable family 4 of c.e. sets such that « is positive and B is
0'-reducible to . Then e and B are 0'-equivalent.

Proof. Fix a function f <r K such that 8 <¢ « viaf,i.e.,, B(n) = «(f(n)) for all numbers n. Since « and 8 are numberings
of 4, the function g defined by

g(m) = pp(a(f(n) = a(m))
is total and, for any number m, a(m) = B(g(m)). Moreover, since « is positive, the relation
R(n,m) <& a(n) = a(m)

is computably enumerable hence R <t K. Since g is computable relative to f and R, it follows that g <r K too.So o <¢ B
viag. O

Theorem 6.1. There exists a computable family + of c.e. sets such that all computable numberings of 4 are pairwise 0'-equivalent
and + is not TxtBC-learnable.
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Proof. Since the proof resembles the proof of Theorem 4.1 and uses many of the features of this previous proof, we only
give a sketch. In particular, we adopt the terminology of the proof of Theorem 4.1.

We construct a computable numbering « such that the family A = {«(x) | x € N} of c.e. sets has the required properties.
It suffices to meet the following requirements.

Requirements. Let My, My, ... be a computable sequence of all primitive recursive learners, and let yy, y1,... be a
uniformly computable sequence of all computable numberings of computable families of c.e. sets. Then the numbering
« has to meet the following requirements for all k, e € N:

& : o is a computable positive numbering.
Ry : If y is a numbering of A then y is 0'-reducible to a.
MNe : For some m, M, fails to TxtBC-learn the set a(m).

By Proposition 6.1, the global requirement & together with the reduction requirements Ry ensure that all computable
numberings of 4 are pairwise 0'-equivalent. By Proposition 2.1, the nonlearning requirements N, guarantee that » is not
TxtBC-learnable.

Strategies for meeting & and Ry. The strategies for meeting the global requirement & and the reduction requirements R
are directly adopted from the proof of Theorem 4.1.

In order to meet # we satisfy the conditions (11) and (12) thereby ensuring that two sets «(m) and «(n) agree in the
limit if and only if they agree at some stage of the effective construction given below.

For meeting R we use the machinery introduced in the proof of Theorem 4.1 for meeting the corresponding requirement.
Recall that there, assuming that k is correct, we constructed the required computable reduction function g satisfying (14) in
two steps. In the course of the construction, we specified the value of gi(x) only if y,(x) was a member of a section reserved
for a lower priority nonlearning requirement. If y,(x) was a member of a section reserved for a higher priority nonlearning
requirement then, in the course of the construction, we assigned the temporary value L to g,(x), and only after completion
of the construction, using some finite (but nonuniform) information on the outcomes of the finitely many higher priority
nonlearning requirements we replaced L by the correct value.

Now here the first part of the definition of g is exactly as in the previous proof, i.e., we will ensure that the enumeration
of numbers into the sets «(n) by the nonlearning requirements will follow the rules established in the proof of Theorem 4.1
and we will inductively define g as described there. So Claims 1-5 established there will hold here too. In particular, the
part of gi defined in the course of the construction will be computable and - assuming that k is correct - the final values
assigned to gi(x) in the course of the construction will be correct. The reason, why here the function g will be computable in
the halting problem only, is found in the second part of the definition. If, for a number x, only a temporary value gi(x) = L
will be assigned in the course of the construction and the actual value of g;(x) will be determined only after completion of
the construction then the specification of this value will require some information on the outcomes of the higher priority
nonlearning requirements. For some numbers x this information can be only obtained by using the halting problem as an
oracle.

Strategy for meeting N,. It will be convenient to split the numbers a(n) = 2n 4 1 into the numbers c(n) = 4n + 1 and
d(n) = 4n + 3, called coding numbers and diagonalization numbers, respectively. (The nth coding number c(n) essentially
plays the same role as number a(n) in the previous proof.)

Given the ith e-section (e, i), in the ith attempt for meeting .#, we build a (finite or infinite) sequence of strings over N,
namely

0 1 i*
Opi T Op; T o+ C O

(i* > 0)or

0 1 2
Oe,i C Ge,i [ Ue’,- c---

such that content(o;i) C a({e, i, 0)) and such that - if the ith attempt is the successful one - either there is a sequence of

diagonalization numbers 81 < az < --. such that, for t,, = O‘Z,— b((e,i,j* + 1)) Ell am (m > 0),
U content(ty) = a((e, i,j* + 1)) & Vm > 0 [Wiy, () # a({e, i,j* + 1))] (44)
m=>0

or
| content(0? ) = ar((e. i, 0)) &Vj = 030 [0), = 0 = o)} & Wi, # a((e. i, OD)]. (45)
j=0

So either M, does not TxtBC-learn the set a({e, i, j* + 1)) from the text for a'({e, i, j* + 1)) defined by the sequence z,,, m > 0,
or M, does not TxtBC-learn the set o ({e, i, 0)) from the text for «({e, i, 0)) defined by the sequence (Té,i,j > 1.

The above is achieved by induction onj > 1, where string aé,,. is defined at the end of cycle j below (agi is the empty
string).
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When cycle 1 is started at stage 2s; then s; > 0, section (e, i) was unused at stage 2s; — 1, and section (e, i) becomes
active at stage 2s1. Cycle j will affect the primary set a({e, i, 0)) and the (currently) active set «({e, i, j)). If cycle j is started
at stage 2s;, then - as in the previous construction - the active set and the unused sets «({e, 1,j')), j’ > j, are still in their
initial states. Moreover, there will be a critical element of the primary set, Bj_1 ({e, 1, 0)), such that, at stage 2s;, the primary
set is the disjoint union ofcontent(ogjl) and {Bj,l ({e, i, 0))} (i.e., (29) holds), and B,q ({(e, i, 0)) is not a member of any other
uncancelled set in section (e, i). Forj = 1, Bj_1((e, i, 0)) = b({e, i, 0)) while, forj > 1, Bj_1((e, i,0)) =c(—1)andc(j—1)is
enumerated into the primary set at the end of cycle j — 1. If cycle j is completed, the active set is cancelled and some (proper)
part of the active set is enumerated into the primary set. All cancelled sets are made to agree but, in contrast to the previous
proof, the cancelled sets will not agree with the primary set.

Now cycle j (started at stage 2s;) is as follows.

Cyclej(j > 1).

1. Wait for the least s]f > s; such that section (e, i) is not frozen at stage 25} + 2.
2. At stage 25} + 2 enumerate the elements of the primary set with the exception of the critical element into the active set:

o2 (e, 1,J)) = i ({e, 1, ) Ui ((e, 1, 0)) \ {B_1((e, i, O))}]

= azsj{((e, i,j)) U content(oggl). (46)

Let o = U;;lb((e, i,j)), and start the following subcycle (j, 1), i.e., lets;; = sJ( + 1.
Subcycle (j, m) (m > 1).
(a) Wait for the least s]f,m > s; m such that section (e, i) is not frozen at stage 251’.’m + 2.
(b) At stage 25}’m + 2 enumerate the least diagonalization number which has not previously entered any set in section

(e, ), say am, intoAa((e, i,j)). Set
Tn = Tm—1dnm, .
and, for n < m, enumerate Wy, (s, for up to m steps. If, for some such n, a number d, withn < p < m shows up in
W, () then let ny, be the least such n, stop the subcycle at step m, let 51{’ = s]’-,m + 1, and continue with step 3 of cycle
Jj. Otherwise, start subcycle (j, m + 1) at the next even stage, i.e., let s; 11 = S]/',m + 1.
3. Wait for the least s;” > s such that section (e, i) is not frozen at stage 2s;" + 2.

4. At stage 2s{” + 2, for m and ny, as above, enumerate content(z,,) U {c(j)} into a({e, i, 0)), let Bj((e, i,0)) = c(j), and let
ag’i = Ty, Bj_l ({e, i, 0)). Declare the active set «({e, i, j)) cancelled, merge it with all previously cancelled sets,

Vi [1 <j <i= ey = o e zpj”))} : (47)
1<j<j
and start cycle j + 1 with the new active set a({e, i, j + 1)) at the next even stage, i.e., let 2s;,1 = 25}” + 4.

Note that in step 1 of cycle j, where a part of the primary set is enumerated into the active set, the current critical number
does not enter the active set. Similarly, when a part of the active set is enumerated into the primary set at step 4 of the
attack then there is a diagonalization number Elp, nn, < p < m which has entered the active set in subcycle (j, p) of step 2
and which will never enter the primary set. This easily implies that condition (17) in the proof of Theorem 4.1 is satisfied.
Since, moreover, we only enumerate new numbers in the sets in section (e, i) at even stages at which (e, i) is not frozen,
one can easily show that the above action obeys the rules made by the reduction strategies. So Claims 1-5 in the proof of
Theorem 4.1 hold here too.

Moreover, if - whenever we start to wait for an unfrozen stage (in step 1 or 3 of cycle j or step (a) of subcycle (j, m)) -
we start a new attack on a new unused section (e, i), i’ > i; and if - whenever we make some progress in our attack - we
cancel all e-sections (e, i') with i > i on which we had started an attack before, then as in the proof of Theorem 4.1 we can
argue that there will be a permanently active section (e, i) such that the attack on this section never gets stuck in a step
waiting for (e, i) not to be frozen.

In order to show that the above strategy succeeds, fix such a section (e, i). Note that there are two possible outcomes of
the attack on this section. First we may get stuck in step 2 of some cycle j since we run through all subcycles (j, m), m > 1.
Then we build an infinite sequence 7o C 71 C 73 ... Where

content(tg) C content(t;) C content(ty) C -+ -
and

U content(ty) = a({e, i,j)).
m>0

Moreover, for any n > 0,
Whte(zn) N (a({e, i, j)) \ content(t,)) = ¥
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(since otherwise for sufficiently large m > n the subcycle will be left). So

WMe(Tn) 7é a((e, ls,]))
for all n hence M, will fail to learn «({e, i, j)) (according to (44) for j* = j — 1).
Otherwise we run through all cycles j. Since we do not get stuck in step 2 of cycle j, for m and n,, as given there,

j—1
Uj

J
e,i C Tny Ue,i

and Wy, (,,) contains one of the diagonalization numbers ap with n, < p < m. Note that all such numbers are not in
content(og’i) and will never enter a({e, i, 0)). Hence Wy, (q,,) 7 «({e, i, 0)). Moreover,

content(aé?l) - azsf((e, i,0)) C content(aé )
hence

a({e,i,0)) = U content(cré_i).
Jj=0
Hence, if we complete all cycles j, the construction will ensure that (45) holds.

So in either case the strategy succeeds in meeting V.

In order to complete the proof, given k such that k is correct, we have to give a 0'-effective procedure for replacing
temporary values gi(x) = _L in the definition of the reduction g in such a way such that (14) holds. In fact, given e < k, it
suffices to define a partial 0'-computable function j, such that (36) holds.

The definition of j, is based on the following analysis of the final effect which the strategy for meeting the nonlearning
requirement -, has on the e-sections.

As observed above, we may fix ip minimal such that the attack on section (e, ip) is permanently active and never gets
stuck in a step waiting for a stage at which section (e, iy) is unfrozen. It follows that section (e, ip) acts infinitely often hence,
fori > iy section (e, i) will eventually be cancelled and all sets in section (e, i) are identified. So, in particular, no e-section is
permanently unused and all but finitely many e-sections are trivialized by cancellation. It remains to analyze permanently
active e-sections (e, i).

First assume that (e, i) is permanently active and finitary, i.e., the attack on section (e, i) gets stuck in some cycle j (either
by waiting forever for a stage at which (e, i) is unfrozen or by running through all subcycles (j, m), m > 1). Then the sets
a({e,i,1)),...,a((e, i,j—1)) are cancelled, hence agree, and these are the only sets in section (e, i) which agree. Moreover,
from j we can compute numbers yy,j > 0, such that yy positively distinguishes a({e, i, j'}) from the other sets in the section
(which do not agree with a({e, i, j})). Namely, the final critical element qu ({(e, i, 0)) of the primary set is unique to this
set, i.e., for yp = Ej_l((e, i,0)), 0 € a({e,i,j")) if and only if j* = 0. The greatest diagonalization number d which enters
a({e,i,j— 1)) incyclej— 1is an element of the cancelled sets but of none of the other sets. So if we let y; = dfor1 < j<ij
thenyy € a((e, i,j”)) ifand only if «({e, i, j’)) is cancelled, i.e., if and only if 1 < j” < j. Finally, for j/ > j, the base element
b({e,i,j)) of x({e, i, ")) is unique to this set. So if we lety; = b({e, i, j’)) forj' > jtheny; € a({e, i,j")) ifand only ifj” = j'.

Now assume that (e, i) is permanently active and infinitary, i.e., all cycles j are completed. Then all sets a({e, i,j)),j > 1
are eventually cancelled, hence agree; i.e.,

Viz=1[a((e i j) =a(e i )] (48)
Moreover, the primary set «({e, i, 0)) is a proper subset of «({(e, i, 1)). Namely, for anyj > 1,

oa®i((e.i,0) € o ((e,i,j + 1)
hence, by (48), «({e, i,0)) € «((e, i, 1)). This inclusion is proper since, for instance, the greatest diagonalization number
d which enters «({e, i, 1)) in cycle 1 never enters «({e, i, 0)). So here - assuming that we know that (e, i) is permanently
active and all cycles j are completed - we can find a number y which positively distinguishes the merged sets «({e, i, j)),
j = 1, from the primary set «({e, i, 0)), but the primary set cannot be positively distinguished from the other sets in the
section.

Now given the finite list of the indices i such that (e, i) is permanently active together with the information whether or

not (e, i) is finitary or not, and if so the number j of the final cycle, we can define j. as follows.
Given x, wait that the target section (e y, ix x) for gk (x) is defined. By construction,

3j >0 [y(®) = a({erx ikx i) (49)
Ife, x # e thenj.(x) may be undefined. So assume e, , = eand leti = i, x. Now if (e, i) is not permanently active then section
(e, i) is cancelled and all sets in section (e, i) agree. So, by (49), yx(x) = «({e, i, 0)) and we may let j.(x) = 0. Otherwise,
first assume that (e, i) is finitary. Then we can compute numbers y; as above and enumerate y,(x) up to the first stage at
which such a number y; shows up in y,(x). Then y(x) = «({e, i,j’)) and we may let j.(x) = j. Finally, if (e, i) is infinitary
then we can compute the greatest diagonalization number d which has entered «({e, i, 1)) in cycle 1. Now, using the halting
problem as an oracle, we may decide whether d € y,(x). (Note that this is the only place where in the definition of g, oracle
0’ is used!) If so, we let j.(x) = 1; if not, we let j.(x) = 0.

This completes the sketch of the proof of Theorem 6.1. O
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Frank Stephan has pointed out to us an alternative proof of Theorem 6.1 by giving an explicit example of a computable
family -4 of c.e. sets such that all computable numberings of 4 are pairwise 0’-equivalent and # is not TxtBC-learnable.
Still we think that our proof describing the construction of a family 4 with this property might be of interest for looking at
possible strengthenings of Theorem 6.1 (see Open Problem 2 below).

7. Conclusion

The starting point of our research was the conjecture of Frank Stephan: a computable family of c.e. sets is TxtEx-
learnable if and only if its computable numberings are pairwise 0'-equivalent. We refuted this conjecture in one direction
by constructing a computable family 4 of c.e. sets such that all computable numberings of A are computably equivalent
and + is not TxtEx-learnable.

Open Problem 1. Is there a learning scenario 4§ such that, for every computable family + of c.e. sets, 4 is §-learnable iff and
only if all computable numberings of A are computably equivalent?

We have also shown that, for a computable family 4 of c.e. sets, the TxtBC-learnability and 0'-equivalence of its
computable numberings are independent. We do not know whether Theorem 6.1 can be improved like the statement of
Theorem 4.1.

Open Problem 2. s there a computable family 4 of c.e. sets such that all computable numberings of 4 are computably
equivalent and » is not TxtBC-learnable?
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