Learning Languages and Functions by Erasing

Sanjay Jain?, Efim Kinber, Steffen Lange ¢, Rolf Wiehagen ¢,
Thomas Zeugmann ©

aDepartment of Information Systems and Computer Science, National University
of Singapore, Singapore, Email: sanjay@iscs.nus.edu.sqg
b Department of Computer Science, Sacred Heart University, Fairfield,
CT 06432-1000, U.S.A., Email: kinber@shu.sacredheart.edu

CInstitut fiir Informatik, Universitdt Leipzig, PF 920, D-04009 Leipzig, Germany,
Email: slange@informatik.uni-leipzig.de

dFB Informatik, Universitit Kaiserslautern, PF 3049, D-67653 Kaiserslautern,
Germany, Email: wiehagen@informatik.uni-kl.de

¢Department of Informatics, Kyushu University, Fukuoka 812-81, Japan,
Email: thomas@i.kyushu-u.ac.jp

Abstract

Learning by erasing means the process of eliminating potential hypotheses from
further consideration thereby converging to the least hypothesis never eliminated.
This hypothesis must be a solution to the actual learning problem.

The capabilities of learning by erasing are investigated in relation to two factors:
the choice of the overall hypothesis space itself and what sets of hypotheses must
or may be erased. These learning capabilities are studied for two fundamental kinds
of objects to be learned, namely languages and functions.

For learning languages by erasing, the case of learning indexed families is inves-
tigated. A complete picture of all separations and coincidences of the considered
models is derived. Learning by erasing is compared with standard models of lan-
guage learning such as learning in the limit, finite learning and conservative learning.
The exact location of these types within the hierarchy of the models of learning by
erasing is established. Necessary and sufficient conditions for language learning by
erasing are presented.

For learning functions by erasing, mainly the case of learning minimal programs
is studied. Various relationships and differences between the considered types of
function learning by erasing and also to standard function learning are exhibited. In
particular, these types are explored in Kolmogorov numberings that can be viewed as
natural Godel numberings of the partial recursive functions. Necessary and sufficient
conditions for function learning by erasing are derived.
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1 Introduction

Learning by erasing means the process of eliminating potential hypotheses
from further consideration thereby converging to a unique hypothesis which
will never be eliminated. This hypothesis has to be a correct solution to the
actual learning problem.

This approach is motivated by similarities to both human learning or, more
general, human problem solving as well as automated problem solving. Actu-
ally, in solving a problem we mostly find out several “non-solutions” to that
problem first, contradicting the data we have or explaining them unsatisfac-
torily. Of course, we then will exclude these non-solutions from our further
consideration and keep only a more or less explicitly given remaining set of
potential solutions. Often, at any time of the solving process we have an ac-
tual “favored candidate” among all the remaining candidates for a solution
which, though, up to now cannot be proved to be really a solution and which
also may change from time to time. Then, at least, the following can happen.
Eventually we find a solution to the problem, can even prove its correctness
and hence successfully stop the solving process. Or, our “favored candidate”
will be stable from some point on, it is really a solution, but we are not ab-
solutely sure of that. The latter case is a version of successful learning in the
limit, which is what we do in building theories or, even more real-world, in
writing computer programs. In our approach of learning by erasing we can
model both situations of being successful above. However, our main intention
is a rigorous study of learning by erasing in the limit.

All the types of learning by erasing defined below have in common that at any
step of the learning process the “favored candidate” will always be the least
hypothesis not yet eliminated. This seems to be just the most natural choice.
Moreover, in our opinion, this choice is justified by the following observations.
First, by the principle of Occam’s razor “simple” hypotheses should be favored.
Second, in case that even in the limit many hypotheses remain uncanceled, we
get a distinguished final hypothesis, just the least uncanceled one, and thus one
can decide from outside whether or not the learning process was successful.
And third, more formally, in case the learning machine eventually finds a
provably correct hypothesis, then it can eliminate all the other hypotheses up
to that one (or even all but that one) thereby making that hypothesis the least
uncanceled one.

A special case of our approach, so-called co-learning, was introduced in Frei-
valds et al. [10], and then further studied in Freivalds et al. [11] for learn-
ing of recursively enumerable classes of recursive functions. In that case the
learner has to eliminate all hypotheses but one and this one has to be cor-
rect. This approach was then used by Kummer [20] who showed that a recur-
sively enumerable class of recursive functions is co-learnable with respect to



all of its numberings iff all of these numberings are equivalent (i.e., intercom-
pilable); thus giving a learning-theoretic solution to a longstanding problem
of recursion-theoretic numbering theory. Furthermore, co-learning of indexed
families of languages from text was studied in Freivalds and Zeugmann [13].

We relax the all-but-one approach by giving the learner more freedom concern-
ing the sets of hypotheses it is allowed to erase eventually. Then the capabilities
of learning by erasing are investigated in relation to two factors: the choice
of the overall hypothesis space and what sets of hypotheses must or may be
erased.

The capabilities of learning by erasing are studied for two fundamental kinds
of target objects, namely languages and functions. Learning of languages and
functions is usually very different from one another (cf., e.g., [3,5,8,14,19,27],
also for a general background of learning theory). Hence, it is only natural
to ask whether or not there are major differences between language learning
by erasing and function learning by erasing, too. In this paper, we provide
both similarities and distinctions. However, the overall goal is much more far-
reaching. In particular, we are mainly interested in the general capabilities of
learners that achieve their learning goal by erasing non-appropriate hypothe-
ses.

For learning languages by erasing, the case of learning indexed families is
investigated. A complete picture of all separations and coincidences of the
considered models is derived. Learning by erasing is compared with standard
models of language learning such as learning in the limit, finite inference and
conservative learning. The exact location of these types within the hierar-
chy of the learning by erasing models is established. Necessary and sufficient
conditions for language learning by erasing are presented.

For learning functions by erasing, mainly the case of learning minimal pro-
grams is studied. Various relationships and differences between the considered
types of function learning by erasing and also to standard function learning
are exhibited. In particular, these types are explored in Kolmogorov number-
ings that can be viewed as natural Godel numberings of the partial recursive
functions. Necessary and sufficient conditions for function learning by erasing
are derived.

The paper is organized as follows. Section 2 presents notations which are com-
mon to the whole paper. Section 3 deals with language learning by erasing.
Subsection 3.1 gives the definitions which are specific for language learning by
erasing as well as for standard language learning. In Subsection 3.2 the char-
acterizations of the types of language learning by erasing are exhibited. In
Subsection 3.3 learning from text is studied, whereas in Subsection 3.4 learn-
ing from informant is investigated. Section 4 deals with function learning by
erasing. Subsection 4.1 contains the definitions which are specific for function



learning by erasing and those for standard function learning. Subsection 4.2
deals with Kolmogorov numberings as hypothesis spaces. In Subsection 4.3
the corresponding learning problems are investigated for Godel numberings
as hypothesis spaces. In Subsection 4.4 the characterizations will be derived.
In Section 5 the results are discussed and open problems are outlined. Pre-

liminary versions of these results appeared in Jain et al. [16] and Lange et
al. [21].

2 Notations

IN is the set of natural numbers. We set INT = IN\{0}. By 0, €, C, C,
D, D, and # we denote the empty set, element of, proper subset, subset,
proper superset, superset, and incomparability of sets, respectively. Further-
more, let max S and minS be the maximum and minimum of a set S, re-
spectively, where, by convention, max () = 0 and min () = co. We write |S| for
the cardinality of a set S. By (-,-) we denote Cantor’s pairing function, i.e.,
(z,y) = ((x+y)*+3x+y)/2 for all z,y € IN. Note that (-,-) is monotonically

increasing in both of its arguments. The quantifiers Ov? and 3 denote ‘for all
but finitely many’ and ‘there exist infinitely many,” respectively. Let € be the
empty word.

Forn > 1, R"™ and P" denote the sets of total and partial computable functions
of n arguments, respectively. We also write R = R' and P = P for the
(partial) computable functions of one argument. A numbering 1 is a (possibly
partial) computable function from IN? to IN, i.e., ¢» € P%. For a numbering v,
; denotes the function Az (i, z) and Ry, = {¢;] i € IN, ¢, € R}. ¢ is said to
have a recursive equality problem iff there is a total recursive predicate p such
that, for all j, £ € IN, p(j, k) = 1 if and only if ¢; = ;. A class C of recursive
functions is said to be recursively enumerable ifft C = R, for some ¢ € R2,
i.e., iff C can be recursively enumerated by some total recursive numbering.

A numbering v is called acceptable iff for every numbering n, there exists a
recursive function h such that for all i € IN, 7; = ¥ (cf. Rogers [28]).
Acceptable numberings are also called Godel numberings. A numbering 1) is
a Kolmogorov numbering iff for every numbering 7, there exist a recursive
function h and a constant c such that for all i € IN, n; = ) and h(i) <
max {c- i, c}. A numbering 9 is called 1-1 iff ; # ); for all ¢ # j.

Let C C R be recursively enumerable. Then there is a numbering ¢ € R?
such that C = R and v has a recursive equality problem. If C is infinite, then
there is a 1-1 numbering ¢ € R? such that C = Ry. For a proof we refer the
reader to Kummer [20], Fact 1.

By ¢ we denote a standard acceptable (Godel) numbering. ® denotes a Blum



complexity measure for ¢ (cf. Blum [4]). We use | to denote that a computation
converges. Thus, ¢;(x)| denotes that o;(z) is defined.

3 Language Learning by Erasing

In this section our objects to be learned are indexed families of languages, i.e.,
recursively enumerable classes of uniformly recursive languages. Since the pa-
per of Angluin [1] learning of indexed families of languages has attracted much
attention (cf., e.g., [33]). Mainly, because most of the established language
families such as regular languages, context-free languages, context-sensitive
languages, or pattern languages are indexed families.

In the approaches of learning by erasing below we introduce the following
possibilities for sets of hypotheses, which must or may be erased during the
inference process:

e an arbitrary set of hypotheses may be erased,

e cxactly all hypotheses less than the least correct one have to be erased,

e only incorrect hypotheses may be erased,

e cxactly all incorrect hypotheses have to be erased,

e all incorrect hypotheses have to be erased and an arbitrary set of correct
hypotheses may be erased, too,

e all but one hypothesis have to be erased.

We consider both modes of information presentation established in language
learning, text (positive data, only) and informant (positive and negative data).
And we study class preserving learning (the hypothesis spaces exactly enu-
merate the language family to be learned), class comprising learning (the
hypothesis spaces enumerate a possibly proper superset of the family to be
learned) and absolute learning (the families have to be learned with respect
to all hypothesis spaces enumerating them exactly).

Our results can be classified along the lines of characterizations, comparisons
inside, and comparisons with known types of language learning.

Characterizations. For all types of learning by erasing we present character-
izations, i.e., conditions that are both necessary and sufficient for learnability
in the corresponding sense. Often these characterizations are stated in terms
being independent from learning theory. In several cases the corresponding
condition is a purely structural one, namely that the language family may not
contain any language together with a proper sublanguage. In other cases, the
characterization achieves the “granularity” of deriving necessary and sufficient
learnability conditions for any given pair of a language family and a hypothe-
sis space. Such granularity results were already derived in language learning



theory (cf., e.g., [1,2,18,22,34]). Surprisingly, our characterizations do work
without the explicit use of so-called “telltales” which were commonly used in
most previous characterizations in language learning. Even more surprisingly,
up to now no such granularity results are known in Gold’s [14] paradigm of
learning recursive functions. There the basic structure of most of the charac-
terizations is the following. Given a class C of recursive functions and some
learning type Lt; then C is Lt-learnable iff there is a suitable hypothesis space
such that ... (cf. Wiehagen [32]). Note that also some characterizations in
language learning have this “there is” flavor (cf., e.g., Jain and Sharma [17]).

Comparisons inside. We derive a complete picture containing all separations
and coincidences of the types of learning by erasing defined. Fortunately, this
picture is of a pretty regular structure and not as sophisticated as sometimes in
inductive inference. Several of the separations follow from the characterizations
above.

Comparisons with known types of language learning. We compare the
types of language learning by erasing with well-known standard types of learn-
ing indexed language families such as learning in the limit, finite learning and
conservative learning (or, equivalently, learning without overgeneralization,
cf. [1,18,24,25,33]). We present the exact location of these established learning
types in the hierarchy of the types of language learning by erasing.

3.1 Definitions

The class of all {0, 1} valued functions f € R™ is denoted by R ;; for n = 1 we
omit the upper index. For ¢ € R%’l, let L(v;) denote the language generated or
described by v}, i.e., L(v;) = {z| ¢;(x) =1, x € IN}. We call £ = (L(¢;)) jen
an indexed family (cf. Angluin [1]). Then range(L) = {L(¢;)| j € IN}. We
sometimes write L € L instead of L € range(L). For the sake of presentation,
we restrict ourselves to consider exclusively indexed families of non-empty
languages. Let £ be an indexed family. Then £ is said to be inclusion-free iff
L ¢ L for all languages L, L € range(L). Every numbering ¢ € R(Q),1 is called
hypothesis space. A hypothesis space v is said to be class comprising for L iff
range(L) C {L(v;)| j € IN}. Furthermore, we call a hypothesis space ¢ class
preserving for L iff range(L) = {L(v;)| j € IN}. For a hypothesis space 1 and
a language L, we set miny(L) = min{j| L(y;) = L}.

Let L be a language and let t = sg, $1, S, ... be an infinite sequence of natural
numbers such that content(t) =4 {sx| k € IN} = L. Then t is said to be a text
for L or, synonymously, a positive presentation. Let text(L) denote the set of
all positive presentations of L, and let text(L) = Upc, text(L). Moreover, let ¢
be a text, and let y € IN. Then ¢, is the initial segment of ¢ of length y+1, i.e.,
ty = So,...,Sy. Finally, £ denotes the content of t,, i.e., t] = {s.| z < y}.



Next, we recall the notion of the canonical text (cf. [22]) that turns out to be
helpful in proving some characterizations. Let L be any non-empty recursive
language, and let 0,1,2, ... be the ordered text of IN. The canonical text of L
is obtained as follows. Test sequentially whether z € L for z =0,1,2,... until
the first z is found such that 2z € L. Since L # (), there must be at least one z
fulfilling the test. Set to = 2. We proceed inductively. For all z € IN we define:

ty,z+x+1, if z+x+1€L,
t:c+1 =
te,m, otherwise, where n is the last element in .

An inductive inference machine (abbr. IIM) is an algorithmic mapping from
initial segments of a text to IN U {?}. We interpret the hypotheses output
by an IIM with respect to some hypothesis space ¥». When an IIM outputs
a number j, we interpret it to mean that the machine is hypothesizing the
language L(1);). The output “?” represents the case where the machine outputs
“no conjecture.”

Furthermore, we define an erasing learning machine (abbr. ELM) to be an
algorithmic device working exactly as an IIM does. However, there is a major
difference in the semantics of the output of an IIM and an ELM, respectively.
Let ¢ € R(Q),l be any hypothesis space. Suppose an ELM M has been succes-
sively fed an initial segment ¢, of a text ¢, and it has output numbers jo, . .., j..
Then we interpret j = min (IN \ {jo,...,7.}) as M’s actual guess. Intuitively,
if an ELM outputs a number j, then it definitely deletes j from its list of poten-
tial hypotheses. For an ELM M, a text ¢t and y € N, let ProgSet (M, t,) be the
set of all numbers output by M when successively fed t,, and let ProgSet(, t)
be the overall set of numbers output by M on text t.

We define convergence of IIMs as usual. Let ¢ be a text, and let M be an IIM.
The sequence (M (t,))yen is said to converge to a number j iff all but finitely
many terms of (M(t,)),en are equal to j.

An ELM M is said to stabilize to a number j on a text t iff its sequence of
actual guesses converges to j, i.e., j = min(IN \ ProgSet(M,t)).

Now we are ready to define learning and learning by erasing.

Definition 1 (Gold [14]). Let L be an indezed family, let L be a language,
and let ¢ € R3,1 be a hypothesis space. An IIM M CExTxt,-infers L iff for
every t € text(L), there exists a j € IN with L = L(;) such that the sequence
(M(t,))yen converges to j.

M CExTaxty-infers L iff M CExTaty-infers L for each L € range(L).
Let CEzTxt, denote the collection of all indexed families L for which there is



an IIM M such that M CExTaxty-infers L.

Finally, CEzTxt denotes the collection of all indexed families L for which there
are an IIM M and a hypothesis space ¢ such that M CExTxty-infers L.

Since, by the definition of convergence, an IIM has only seen a finite amount of
data about L until the (unknown) point of convergence is reached, whenever
an IIM infers the language L, some form of learning must have taken place.
For this reason, hereinafter the terms infer, learn, and identify are used in-
terchangeably.

In Definition 1 the prefix C' is used to indicate class comprising learning,
i.e., the fact that £ may be learned with respect to some class comprising hy-
pothesis space ¥ for L. The restriction of CEzTxt to class preserving hypothe-
sis spaces is denoted by EzTzt and referred to as class preserving inference.
Moreover, we use the prefix A to express the fact that an indexed family £
must be inferred with respect to all class preserving hypothesis spaces for L,
and we refer to this learning model as to absolute learning. We adopt these
conventions in the definitions of the learning types below.

The following proposition states that, if there is a hypothesis space 1 such that
an indexed family £ can be CExTxt,-learned, then it can be ErTwt-inferred
with respect to every class preserving hypothesis space for L.

Proposition 1 (Lange and Zeugmann [25]). AExTxt = ExTat = CExTuat.

Note that, in general, it is not decidable whether or not an IIM M has already
converged on a text t for the target language L. With the next definition, we
consider a special case where it has to be decidable whether or not an IIM has
successfully finished the learning task.

Definition 2 (Gold [14]; Trakhtenbrot and Barzdin [31]). Let £ be an indexed
family, let L be a language, and let ¢ € R(2J,l be a hypothesis space. An IIM
M CFinTuxty-infers L iff for every t € text(L), there exist j, z € IN such that
L =L(y;), M(t,) =7 forally <z, and M(t,) =7 for ally > 2.

M CFinTaxty-infers L iff M CFinTaty-infers L for each L € range(L).
Finally, CFinTxt, and CFinTat are defined analogously as above.

The analogue to Proposition 1 also holds for finite learning.
Proposition 2 (Zeugmann et al. [34]). AFinTzt = FinTet = CFinTat.

Now, we define conservative IIMs. Conservative IIMs maintain their actual
hypothesis at least as long as they have not received data that “provably
misclassify” it. Hence, whenever a conservative IIM performs a mind change
it is because it has perceived a clear contradiction between its hypothesis and
the actual input.



Definition 3 (Angluin [1]). Let L be an indexed family, let L be a language,
and let ¢ € Rg,l be a hypothesis space. An IIM M CConsvTxty-infers L iff

(1) M CExzTxty-infers L,
(2) for allt € text(L) and all y,k € IN such that M(t,), M(t,+x) # 7, if
M(ty) # M(ty+k) then t;+k < L(wM(ty))-

M CConsvTat,-infers L iff M CConsvTaty-infers L for all L € range(L).
CConsvTxty and CConsvTat are defined analogously to Definition 1.

The following proposition shows that conservative learning is sensitive to the
particular choice of the hypothesis space.

Proposition 3 (Lange and Zeugmann [24]).
AConsvTxt C ConsvTzt C CConsvTxt C AExTxt.

Next, we define learning by erasing.

Definition 4. Let L be an indexed family, let L be a language, and let ) € Rg’l
be a hypothesis space. An ELM M CArbTuxty-infers L iff for everyt € text(L),
there exists a j € IN with L = L(v);) such that M on t stabilizes to j.

M CArbTuty-infers L iff M CArbTuxty-infers L for each L € range(L).

CArbTxty, denotes the collection of all indexed families L for which there is
an ELM M such that M CArbTxty-infers L.

Finally, let CArbTzt denote the collection of all indexed families L for which
there are an ELM M and a hypothesis space v such that M CArbTxty-
infers L.

Definition 5. Let L be an indexed family, let L be a language, and let ) € Ral
be a hypothesis space. An ELM M s said to

(A) CMinTxty-infer L,
(B) CSubTxt,-infer L,
(C) CEqualTxty-infer L,
(D) CSuperTat,-infer L,
(E) CAllTxty-infer L,

iff M CArbTuxty-infers L and for each t € text(L), the following corresponding
condition is satisfied

(A) ProgSet(M,t) = {jl| j < miny(L), j € IN}, i.e., M has to erase exactly
all hypotheses prior to the least correct index for L;

(B) ProgSet(M,t) C {j| L(v;) # L, j € IN}, i.e., M is only allowed to erase
hypotheses that are incorrect for L;

(C) ProgSet(M,t) = {j| L(¢;) # L, j € N}, i.e., M has to erase ezactly all
hypotheses that are incorrect for L;



(D) ProgSet(M,t) O {j| L(v;) # L, j € IN}, i.e., M has to erase all
hypotheses that are incorrect for L but it may additionally erase correct

hypotheses for L;
(E) |IN'\ ProgSet(M,t)| =1, i.e., M has to erase all but one hypothesis.

Finally, CMinTxt,, CSubTxty,, CEquallxt,, CSuperTaty, and CAllTxt, as
well as CMinTxt, CSubTxt, CEqualTzt, CSuperTzt, and CAllTxt are defined
analogously to Definition 4.

In order to study learning by erasing from both positive and negative data
we have to introduce some more notations and definitions. Let L C IN be a

language, and let i = (sg,bp), (s1,01), ... be an infinite sequence of elements
of IN x {+, —} such that content(i) =4 {sr| k € N} = IN, i* =4 {s| by =
+,k € N} = L and i~ =4 {sx| by = —, kK € IN} = IN\ L. Then we refer

to i as an informant for L. If L is classified via an informant then we also
say that L is represented by positive and negative data. By info(L) we denote
the set of all informants for L. We use i, to denote the initial segment of ¢
of length = 4+ 1, and define i} = {si| b = +, k < x} and i = {si| b =
—, k < x}. ProgSet(M,i) where i is an informant is defined analogously as
ProgSet (M, t) where t is a text. Furthermore, CEzInf and CFinInf are defined
analogously as in Definitions 1 and 2, respectively, by replacing everywhere
text by informant. Finally, we extend all the definitions of learning by erasing
in the same way, and denote the resulting learning types by CLtInf for all
Lt € {Arb, Min, Sub, Equal, Super, All}.

Figure 1 summarizes most of the relations between the learning types studied
in Section 3. It may also serve as a kind of map for the reader. Each learning
type is represented as a vertex in a directed graph. A directed edge (or path)
from vertex A to vertex B indicates that A is a proper subset of B. Finally, Lt
stands for Arb, Min, Sub, Fqual and Super, respectively, and A\ stands for A,
and C, respectively. Note that FinInf C ConsvTxt also holds, cf. Proposition 7
below, which is not indicated by an arrow in Figure 1.

3.2  Characterizations

In this section we present characterizations of all the models of learning by
erasing. These characterizations may help to better understand what these
models have in common and what their differences are. Notice that there will
be two kinds of characterizations. On the one hand, we present characteri-
zations of learning types in terms being independent of learning theory (cf.

10



ExInf = ALtInf = AllInf

ExTxt = ArbTat = Super Tzt = AllTxt
CSubTxt = CMinTxt CConsvTxt
ConsvTat
SubTxt = MinTxt AConsvTzt
AAllInf AEqualTzt= ALtTxt
FinInf AAlTxt
FinTaxt

Figure 1. Summary

Theorems 1, 4, 5, 6 and Proposition 4). On the other hand, we characterize
learning types by showing that they coincide with other learning types. The
latter approach is also technically useful for the remainder of Section 3 in that
it allows to prove results only for one representative of each group of coinciding
learning types.

Our first result characterizes FqualTzt in purely structural terms.
Theorem 1. For any indexed family L, L € EqualTxt iff L is inclusion-free.

Proof. Necessity: Let £ € FqualTzt. Hence £ € CEqualTzt. Consequently, £
is inclusion-free by Claim A below.

Claim A. For every indexed family L, if L € CEqualTxt, then L is inclusion-
free.

Let £ be any indexed family, let 1) be any class comprising hypothesis space
for £, and let M be any ELM witnessing £ € CEqualTxt . Suppose that there
are L, L € £ with L C L. Let t € text(L). Since M CEqual Tt -learns L,

on successive input ¢, M has to delete sometimes a 1-index for f/, i.e., there
is a least y € IN such that M(t,) = j with L(¢;) = L. Because of L C L,
t, can be extended to a text t € text(f)). Moreover, L € £ and thus M must
CEqualTxt j-identify L. However, M, when fed the initial segment zfAy7 outputs

a correct ¥-index for L, a contradiction.

11



Sufficiency: Clearly, it suffices to prove the following Claim B.

Claim B. For any indexed family L, if L is inclusion-free, then L € AEqualTxt.

Let ¢ € Ral be any class preserving hypothesis space for any inclusion-free in-
dexed family £. Choose an ELM M that meets ProgSet(M, t) = {j| (3y)[t,”
L(1);)]} for all ¢t € text(L). By construction, M, when fed a text ¢ for L € L,
never outputs a correct ¢-index for L. On the other hand, M eventually out-
puts all incorrect ¢-indices for L. Actually, if L(v;) # L for some j € IN, then
L & L(v;), since L is inclusion-free. Hence, . Z L(1;) for some y € IN, and
J is erased by M. Consequently, M EqualTzt,-identifies L. 0O

Claim A and Claim B above immediately yield the following corollary.
Corollary 2. AEqualTxt = FqualTzt = CEqualTt.

Furthermore, Theorem 1 and Corollary 2 can be exploited to characterize
AArbTat, ASubTxt and ASuperTzt as well.

Theorem 3. For all Lt € {Arb, Sub, Super}, ALtTxt = AEqualTxt.

Proof. By Definitions 4 and 5, we have AFqualTzt C ASubTxt C AArbTxt
and AFqualTxt C ASuperTat C AArbTaxt. Hence, it suffices to show that
AArbTxt C AFEqualTxt. But this follows from the claim below via Claim B
from the proof of Theorem 1.

Claim. For any indexed family L, if L € AArbTxt, then L is inclusion-free.

Suppose to the contrary that there are L, L € £ with L C L. Now, choose any
class preserving hypothesis space v for £ such that L(y) = L and L(v;) # L
for all j > 0. Clearly, such a hypothesis space always exists. By assumption,
L € AArbTxt, and hence there is an ELM M which ArbTxt-identifies £. Now,
let ¢ be any text for L. Then, M (t,) = 0 for some x € IN, since, otherwise, M
would stabilize on ¢ to 0, but L(vy) # L. Choose any text ¢ for L > L with
the initial segment t,. Obviously, on £, M deletes the one and only v¥-index
for [:, a contradiction. O

For characterizing AAllTxzt we have to combine the structural approach with
the numbering theoretical one used by Kummer [20].

Theorem 4. For any indexved family L, L € AAllTxt iff

(1) L is inclusion-free, and
(2) every class preserving hypothesis space for L has a recursive equality prob-
lem.

Proof. Necessity: Let £ € AAllTzt. By definition, £ € AArbTzt, and thus
L is inclusion-free (cf. the claim in the proof of Theorem 3). On the other
hand, AAlTxt C AAllInf. Kummer [20] has shown that £ € AAllInf iff every
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class preserving hypothesis space for £ has a recursive equality problem (cf.
Proposition 4 below). Hence, we are done.

Sufficiency: Let £ be any inclusion-free indexed family, and let ¥ be any class
preserving hypothesis space for £. Then, by (2), ¥ has a recursive equality
problem. Define an ELM M such that ProgSet(M, t) contains all and only the
y-indices j satisfying (i) or (ii), where

(i) ¢t € L(¢;) for some y € N,
(i) ¢ = 1; for some k < j.

Consider M when fed any ¢t € text(L) for some L € L. By clause (i), M
eventually erases all incorrect -indices for L, since L is inclusion-free, and
therefore L(1);) # L implies L < L(1);). Moreover, clause (ii) guarantees that
there is exactly one correct y-index for L that never will be erased, namely
the minimal one. Hence, M AllTxt,-learns L. O

Next, we characterize CSubTxt and SubTxt. Now we derive necessary and
sufficient conditions for any given pair of an indexed family and a hypothesis
space for it. Again, the characterization is mainly based on structural proper-
ties of the relevant hypothesis spaces. However, we have to add a component
of computability to these structural properties. Within the next definition we
provide the necessary framework for establishing the desired characterization
theorems.

Definition 6. Let L be any indexed family, and let i be any class comprising
hypothesis space for L. Then we set:

(1) Bad(L,v) ={jl (3L € range(L))[L C L(¢;) N j < miny(L)]},
(2) Wrong(L,+) = {jl L(1;) ¢ range(L)}.

Theorem 5. For any indexed family L and any class comprising hypothesis
space Y for L, L € CSubTuxty iff Bad (L,¢9) C W C Wrong(L,v) for some
recursively enumerable set W.

Proof. Necessity: Let £ be any indexed family, let 1) be any class comprising
hypothesis space for £, and let M be any ELM which CSubTxt-learns L.

Next, we use M to define f € P such that W = range(f). For every k € IN,
let t* denote the canonical text for the language L(v). For every k, z € IN,
we set:

F(lk,2)) = M(th), if content(tk) C L(¥arqan)),s

not defined, otherwise.

Using the convention that, if M (%) = ? then f((k,z)) is not defined, we ob-
viously have f € P. It remains to show that Bad(L,v) C W C Wrong(L,v).
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Claim A. W C Wrong(L, ).

If W = (), we are done. Now, let z = f((k, z)) for some k, x € IN. By definition
of f, we have M (t¥) = z and content(t") C L(+,). Suppose, L(¢,) € L. Since
content(t*) C L(3).), t¥ is an initial segment of some text ¢ for L(v,). Thus
M, when fed the text ¢ for L(v,) € L, outputs the correct ¢-index z for L(1).).
This contradicts our assumption that M CSubTxt-infers £. Thus, Claim A
follows.

Claim B. Bad(L,v) CW.

Suppose the converse, i.e., there is a z € Bad(L,v) \ W. Hence, z < miny(L)
for some L € £ with L C L(1,). Let k be any t-index for L. Consider M
when fed the canonical text ¢* for L. Since M CSub Tt -identifies L, M must
stabilize on t* to min(L). Because of z < miny (L), there has to be an x € IN
with M (t¥) = 2. Thus, f({(k,z)) = 2, and hence 2 € W, a contradiction. Thus,
Claim B follows, and we are done.

Sufficiency: Let £ be any indexed family, let ¢) be any class comprising hy-
pothesis space for £, and let W be any recursively enumerable set with
Bad(L,v) CW C Wrong(L,v). Define an ELM M such that ProgSet(M, t)
contains exactly the ¢-indices j with (i) or (ii), where

(i) ¢ty € L(¢;) for some y € N,

(i) j e W.
Let L € £ and t € text(L). By construction, on input ¢, M never outputs a
correct 1-index for L. Moreover, M stabilizes to miny(L). Actually, for any
J < miny(L), either L € L(3);) or L C L(%;). In the former case, j is erased

by (i). In the latter case, j is erased by (ii), since j € Bad(L, ) C W. Hence,
M CSubTuwty-learns L. O

Theorem 6. For any indexed family £ and any class preserving hypothesis
space Y for L, L € SubTaty iff Bad(L,) = 0.

Proof. Recall that Wrong(L,v) = () for any class preserving hypothesis
space ¢ for L. Hence, Theorem 6 follows immediately from Theorem 5. O

We now prove the equivalence of all corresponding variants of Min-learning
by erasing and Sub-learning by erasing from text.

Theorem 7. For all A € {A, e, C}, A\MinTxt = ASubTut.

Proof. By definition, AMinTzt C ASubTxt for all A € {A, e, C}. The con-
verse easily follows by transforming any given ELM M into an ELM M such
that for every text ¢, ProgSet(M,t) = {j| (Vi < j)[i € ProgSet(M,t)]}. O

From Theorem 7 it follows immediately that for CMinTxt and MinTxt, the
characterizations from Theorems 5 and 6, respectively, also apply. Moreover,
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since AMinTzt = ASubTxt = AFEqualTxt = EqualTxt by Theorem 7, The-
orem 3 and Corollary 2, the characterization of Theorem 1 is also valid for
AMinTxt.

Next, we characterize the remaining models of learning by erasing from text.
Theorem 8. For all Lt € {All, Super, Arb}, LtTzt = ExTuxt.

Proof. By definition, AllTzt C SuperTzt C ArbTxt. Since ExTat C AllTxt
(cf. [13], Theorem 3), it suffices to show that ArbTxzt C ExTaxt.

Claim. For any indezed family L and for any class comprising hypothesis space

(NS Rg,l for L, if L € CArbTxty, then L € CExTxty,.

Let M be an ELM witnessing £ € CArbTxt,. Let an IIM M always output
the least 1-number not yet definitely deleted by M. Obviously, M CEzTut-
learns L.

Since the claim above especially holds for any class preserving hypothesis
space, we obtain ArbTxt C ExTaxt, and the theorem follows. O

Proposition 1 and the claim in the proof of Theorem 8 above directly allow
the following corollary.

Corollary 9. For all Lt € {All, Super, Arb}, CLtTxt = ExTaxt.

Finally, we derive characterizations for language learning by erasing from in-
formant.

Theorem 10. For all Lt € {Arb, Min, Sub, Equal, Super}, ALtInf =
Ltinf = CLtInf = FxInf.

Proof. First, we prove that every indexed family belongs to both A Equallnf
and AMinInf.

Claim A. For any indezed family L, L € AFEquallnf.

Let ¥ € R%’l be any class preserving hypothesis space for £. Define an ELM
M which deletes every j € IN such that L(v;) is inconsistent with the given
informant i, i.e., ProgSet(M, i) = {j| (3y)[i;” € L(v;) Vi, € IN\ L(vy)]}. By
construction, M never outputs a correct -index for L. Moreover, M eventu-
ally deletes all incorrect ¢-indices for L.

Claim B. For any indexed family L, L € AMinlInf.

Let ¢ € Ral be any class preserving hypothesis space for £. By Claim A above,
there is an ELM M that Equallnfy-learns L. Clearly, an ELM M’ MinInf,-
learns £ provided that ProgSet(M’, i) = {j| (Vk < j)[k € ProgSet(M,1)]}.

By definition, AFEquallnf C ALtInf for all Lt € {Arb, Sub, Super}, and
thus, by Claim A, every indexed family is contained in ALtInf, too. On the
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other hand, every indexed family belongs to EzInf (cf. Gold [14]). Finally,
taking into account that ALtInf C Ltinf C CLtinf for any learning type
Lt € {Arb, Sub, Equal, Super, Min}, the theorem directly follows. O

The remaining characterizations, namely for AAllInf, AllInf and CAllInf, can
be found already in the literature.

Proposition 4 (Kummer [20]). For any indexed family L, L € AAlInf iff
every class preserving hypothesis space for L has a recursive equality problem.

Proposition 5 (Freivalds et al. [10]). Allinf = ExInf.

The latter result immediately yields CAllInf = FxInf, since ExzInf already
contains any indexed family (cf. Gold [14]).

3.8 Learning from Text

In this subsection, we compare the capabilities of all the types of learning
from positive data by erasing to one another as well as to finite inference,
learning in the limit and conservative identification from text. Recall that
several coincidences of the corresponding types were already exhibited in the
previous subsection (cf. Theorems 3, 7, 8 and Corollaries 2, 9). Hence we now
confine ourselves to derive mainly proper inclusion and incomparability results.
Thereby, we also analyze the power of learning by erasing in dependence on
the set of admissible hypothesis spaces. In 3.3.1, 3.3.2 and 3.3.3 we are dealing
with class preserving, class comprising and absolute learning, respectively.

3.8.1 Class Preserving Learning

Since AllTzt = SuperTat = ArbTxt = FExTxt by Theorem 8 and MinTxt =
SubTzt by Theorem 7, it remains to clarify the power of FqualTzt and SubTxt
as well as to compare these types with both Fin Tzt and ConsvTzt. This will
be done by the following result.

Theorem 11. FinTat C FqualTzt C SubTxt C ConsvTxt.

Proof. Claim A. FinTzt C EqualTxt.

Let £ € FinTxt and let ¢ € Rg’l be a class preserving hypothesis space
for £. By Proposition 2, there exists an IIM M witnessing £ € FinTxty.
To EqualTzt,-learn £ simulate M and, as soon as M outputs its first (and
correct) guess, say j, erase all ¢ with 1; # ;.

In order to separate FinTxzt and EqualTzt consider the indexed family £ =
(Lj)jew with L; = IN'\ {j} for all j € IN. Note that £ ¢ FinTxt (cf. [13]).
Since L is inclusion-free, £ € EqualTxt (cf. Theorem 1).
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Claim B. EqualTxt C SubTaxt.

Since, by definition, FqualTzt C SubTuxt, it suffices to show that SubTuxt \
EqualTzt # (. For all j € IN, let L; = {0,...,5}, and set £ = (L;)jen.

First, we verify that £ € SubTzt. Choose the hypothesis space ¢ € R(Q),l with
L(y;) = L; for all 5 € IN. Define an ELM M such that ProgSet(M,t) =
Ul Gyt € L(yy)]} for all t € text(L). Clearly, when fed any ¢ € text(L),
all hypotheses erased by M are incorrect. Moreover, M stabilizes to the only
1-index for the language to be learned. Thus, M SubTxt-identifies L.

Since £ is not inclusion-free, we have £ ¢ FEqualTzt by Theorem 1, and
Claim B follows.

Claim C. SubTxt C ConsvTat.

Let Lo = IN and for all j € IN, let L, ;1 = {j} as well as £ = (L;)jen. We
claim that £ € ConsvTzt \ SubTxzt. Obviously, £ € ConsvTxt,. Suppose L €
SubTzt. Thus, there are a class preserving hypothesis space ) and an ELM M
witnessing £ € SubTxty. Let k = miny(Lg). Since range(L) is infinite, there
must be an L € £ such that miny,(L) > k. Thus, Bad(L,¢) # 0, and, by
Theorem 6, £ ¢ SubTxty, a contradiction.

It remains to prove SubTxt C ConsvTxt. Let i) be some class preserving
hypothesis space ¢ such that £ € SubTwt,. Then, for all L € £, and all
j € N, j < miny(L) implies L ¢ L(v;), since Bad(L,¢) = 0 by Theorem 6.
The desired conservative IIM M uses the hypothesis space ¢ and is defined
as follows. On a possible input ¢,, M outputs the least j with t}- C L(¢;). By
construction, if M (t,) # M (t,4.) for some z € IN, then ¢} . & L(¥p,)); thus
M is conservative. Let L € L, t € text(L), and k = miny(L). Since L ¢ L(1);)
for all j < k, every such j must be abandoned eventually. Thus, M converges
to k. This proves Claim C. O

3.3.2  Class Comprising Learning

Taking into account that CEqualTxt = EqualTzt by Corollary 2, CLtTxt =
EzTxt for all Lt € {All, Super, Arb} by Corollary 9, and CMinTzt =
CSubTzt by Theorem 7, it remains to investigate the learning power of the
learning type CSubTxt, only.

Theorem 12.

(1) SubTxzt C CSubTxt C ExTut.
(2) CSubTzt # CConsvTut.

Proof. Claim A. ConsvTxt \ CSubTxt # 0.

One easily verifies that the indexed family £ used in the proof of Theorem 11,
Claim C, separates ConsvTzt and CSubTxt, too, and thus Claim A follows.
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Since ConsvTzt C CConsvTzt C ExTat (cf. Proposition 3), Claim A yields
both CConsvTxt\ CSubTxt # () and ExTxt\ CSubTxt # (). By definition and
by Corollary 9, CSubTxt C CArbTxt = ExTxt. Hence CSubTxt C ExTxt. The
following claim provides us the remaining part of Assertions (1) and (2).

Claim B. CSubTuxt \ CConsvTxt # .

Note that the verification of this claim is based on a technique from Lange
and Zeugmann [24]. First, we define the desired indexed family £ witnessing
the claimed separation. For the sake of presentation, we describe £ as a family
of languages over the alphabet ¥ = {a, b, c}. Note that, by convention, 2° = ¢
for x € X.

Subsequently, we assume that ®4(k) > 1 for all k£ € IN. For all k,j € IN, we
set:

{ako™ | m < j — @ (k)}, if Bp(k) <5 <2 Dp(k),

Lipgy =
’ {a*b™] m € IN}, otherwise.

Finally, let £ = (L) )kjen- Since £ ¢ CConsvTxt (cf. Theorem 1 in Lange
and Zeugmann [24]), it suffices to show that £ € CSubTxt.

The desired ELM M uses the following class comprising hypothesis space
H = (Hjy)kjen- Forall j, k € IN, we set:

Ho o — L5y U {a*c® ™} if  not ®y(k) < 7,
(k) = ‘
(k,4) > otherwise.

By definition, H serves as a class comprising hypothesis space for £. Note
that, by convention, L ; U {a*c® ™} equals L jy, if ¢i(k) is undefined. On
the other hand, if ¢(k) is defined, then the languages H ;y with j < ®4(k)
are clearly out of range(L). Therefore this “comprising part”of the space H
can be erased “without risk” by a machine CSubTxty-learning £. On any
t € text(L), such an ELM M works as follows.

ELM M: “ On input text ¢ determine the unique k such that content(t) C
{a*b"| n € IN}. Erase all i € IN\ {(k,j)| j € IN}. If and when ¢ (k) turns
out to be defined, then erase all (k, j) such that
(i) 7 < ®r(k) or
(ii) Pi(k) <j <2-@h(k) and, for some y € IN, t5 & Hy 5.

Let L € £, and let k € IN be unique such that L C {a*b"| n € IN}. In order
to verify the correctness of M we distinguish the following cases.
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Case 1. @i (k) is undefined.

Hence, L = Ly, ; = Hy. ;) for all j € IN. By construction, M outputs exactly
the set IN'\ {(k,j)| j € IN}. Thus, M erases exclusively incorrect H-indices
for L, and M stabilizes to (k,0), the minimal H-index for L.

Case 2. (k) is defined.

Let L = Hy,jy. Then j > @4 (k), since j < ®4(k) would imply Hyjy ¢ L. As
in Case 1, it is justified to erase all the numbers from IN \ {(k,j)| j € IN}.
Moreover, erasing all the (k,i) with i < ®x(k), as M does by (i), is justified
and necessary. Now, if @ (k) < j < 2. ®y(k), then L is finite and, by (ii), M
will stabilize to (k,7), the only H-index of L. Finally, if j > 2 - ®x(k), then
L = {a*b"| n € IN} and, again by (ii), M will stabilize to (k,2 - ®y(k) + 1),
the minimal H-index of L.

To sum up, M CSubTxty-learns L, and thus M witnesses £ € CSubTut.

Clearly, Assertion (2) follows immediately by Claim A and Claim B. Finally,
since SubTxt C CSubTxt and SubTxt C ConsvTat (cf. Theorem 11), we obtain
SubTzt C CSubTxt via Claim B. Thus Assertions (1) and (2) are proved. O

3.3.8  Absolute Learning

We start with studying AAllTxt. As we shall see, this type is the least powerful
one of learning by erasing from text.

Theorem 13. FinTxt C AAllTxt C AEqualTat.

Proof. We know already that FinTxt C AAlITxt (cf. Theorems 11 and 21 in
[13]). Thus, it remains to show that AAlTzt C AEqualTxt. By definition and
by Theorem 3, AAllTxt C AArbTxt = AFEqualTxt.

Claim. AEqualTxt \ AAITxt # (.

We define the desired indexed family £ as follows. For all k € IN, let Lo, =
{2F 2F+®c(F) 11} and Loy = {2F,284®(*) 1 3} where, by definition, Ly, =
L1 = {2} iff pi(k) is undefined. One easily verifies that £ is indeed an
indexed family. Moreover, £ is inclusion-free, and therefore £ € AFEqualTzt
by Claim B in the proof of Theorem 1. In order to show that £ ¢ AAllTxt
consider the hypothesis space ¢ with L(1) = Ly, for all k € IN. Now, one easily
verifies that the equality problem for 1 is not recursive. Hence, £ ¢ AAllTxt
follows from Theorem 4. O

Since for all Lt € {Arb, Min, Sub, Equal, Super}, the types ALtTzt coincide
by Theorems 3 and 7, AAllTxt indeed turns out to be the least powerful type
of learning by erasing from text by Theorem 13. On the other hand, the “A-
requirement” results in decreasing the power of all the types of learning by
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erasing from text, as our next result shows (the only exception is A EqualTxzt =
EqualTxt, Corollary 2).

Corollary 14. For all Lt € {Arb, Min, Sub, Super, All}, ALtTxt C LtTxt.

Proof. By Theorems 8, 11, 13 and Corollary 2, AAllTzt C AFEqualTxt =
EqualTzt C ExTat = AllTxt. Moreover, by Theorems 3, 8, 11 and Corollary 2,
ASuperTxt = AArbTzt = AEqualTxt = EqualTxzt C ExTxt = SuperTzt =
ArbTaxt. Finally, by Theorems 3, 7, 11 and Corollary 2, AMinTzt = ASubTxt =
AEqualTxt = EqualTzt C SubTxt = MinTzt. O

Finally, we compare A ConsvTzt-inference with the models of learning by eras-
ing.

Theorem 15.

(1) AConsvTat \ CSubTxt # .
(2) SubTat \ AConsvTat # 0.

Proof. First, we show (1). Let Ly = IN and, for all j € IN, let L;; = {j} as
well as £ = (L;)jew. We know already that £ ¢ CSubTxt (cf. Theorem 12,
Claim A) and £ € ConsvTxt, (cf. Theorem 11, Claim C). Now, let 1) € R,
be any class preserving hypothesis space for £. Then, there is a recursive
compiler ¢ from £ to ¢, ie., L; = L(1)) for all j € IN. Given ¢ and an
IIM M witnessing £ € ConsvTat., the IIM M' ConsvTxty-learns £ where
M'(t,) = ¢(M(t,)) for all possible inputs t,, and, by convention, ¢(?) = 7.

To verify (2), let £ = (L jy)kjen With Ly = {(k,0), (k, )} for all k,j € IN.
Clearly, £ € SubTxt, by an ELM with ProgSet(M,t) = {j| (3y)[t; £ L;l}.
Next, we define a class preserving hypothesis space £ for £ such that £ ¢
ConsvTxty. For all k,j € IN, let Ly, o = {(k,0), (k, ®x(k))}, and, in case
that j '2 1, let Ly, o = {(k,0),(k,j)}, if ®x(k) # j, and L.’<k7j> = {(k,0)},
otherwise. Clearly, range(L') = range(L). Now, let I = {(k,j)| [L}; ;| = 1}.
Furthermore, let K = {k| ¢x(k)is defined} denote the halting set of . From
the definition of L', it follows immediately that, for any & € IN, there is exactly
one j € IN such that |L’<k7j>| =1, namely j =0, if £ ¢ K, and j = Ok (k), if
ke K.

Claim A. L € ConsvTxt, implies that I is recursively enumerable.

Let M be an IIM that ConsvTut-identifies £. Then define a function f € R
as follows. On input k, simulate M when successively fed t* = (k,0), (k,0), ...
If and when M outputs its first guess j with (k,0) € L/, then define f(k) =
j. Since M, in particular, ConsvTxt-identifies the singleton language L =
{(k,0)} on its unique text t*, L, must equal L, and thus j € I. Moreover, j is

the only £'-index of {(k,0)}. Hence, I = range(f).
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Claim B. I is not recursively enumerable.

Assume to the contrary that I is recursively enumerable. Then, given any
k € IN, compute the only j € IN such that (k,j) € I. If j = ®r(k), then
k € K, otherwise k ¢ K. Consequently, K is recursive, a contradiction.

From Claims A and B we immediately obtain £ ¢ ConsvTxt,/, and therefore
L ¢ AConsvTxt. O

Theorem 16. EqualTxt C AConsvTxt.

Proof. Since EqualTzt C SubTxt, AConsvTat\ EqualTxzt # () follows immedi-
ately from Theorem 15, Assertion (1). Now, let £ € FqualTzt. By Theorem 1,
Claim A, £ is inclusion-free. Let ¢ € R(zm be any class preserving hypothesis
space for £. An IIM M that ConsvTxt,-learns £ can be defined as follows.
M, when successively fed any t € text(L) for any L € L, outputs the least
Y-index j with ¢ C L(¢);). By definition, M performs exclusively justified
mind changes, and therefore M is conservative. Since L is inclusion-free, we
have L ¢ L(t;) for all j < miny(L), and thus M converges to miny,(L). O

3.4 Learning from Informant

As we have seen in Theorem 10, most of the types of learning by erasing from
informant coincide with ExInf. It only remains to clarify the power of AAllInf
which will be done by Proposition 6 and Theorem 17 below. We then study
the interplay between information presentation and learning capabilities, i.e.,
we compare “Inftypes” with “Tat-types” and vice versa.

Freivalds et al. [10] introduced the learning types Alllnf and implicitly also
AAllInf, and referred to them as to co-learning. Furthermore, they considered
the co-learnability of recursively enumerable classes of arbitrary total recursive
functions. This contrasts our scenario, since we exclusively study the learn-
ability of {0,1} valued functions. Nevertheless, their results easily translate
into our setting.

Proposition 6 (Freivalds et al. [10]). Finlnf C AAllInf C Alllnf.

Using a deep result due to Selivanov [30], Freivalds et al. [11] could exhibit
a recursively enumerable function class which is co-learnable with respect to
all of its total recursive numberings, but which is not finitely learnable. Note,
however, that the used function class is not {0,1} valued. The same result
was independently obtained by Kummer [20]. This result directly raises the
question whether or not AAllInf \ FinInf # (). Our next theorem answers
this question. Again, the proof is based on Selivanov’s [30] result. For this
proof and also in the following we need the notion of discreteness. An indexed
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family £ = (L(v;))jen is said to be discrete iff for every k € IN, there is a finite
function d; C 9y, such that for all j € IN, if 6, C 7; then v, = 1»;. We refer
to i, as to a separating function for ¢. An indexed family £ = (L(%);)) e is
said to be effectively discrete iff there exists an algorithm computing for every
k € IN a separating function d; for 1.

Theorem 17. AAllTxt \ FinInf # 0.

Proof. Selivanov [30] showed that there is a recursively enumerable class U,
of total recursive functions fulfilling the following requirements:

(1) every numbering 7 € R? for U,, has a recursive equality problem, and
(2) Us. is not effectively discrete.

Since Uy, is not {0, 1} valued, some transformation of it is in order. Using U,
we define an indexed family L, that is well-suited to separate AAllTxt and
Finlnf.

Let 7 € R? be any numbering for U,,. For all j,z,y € IN we set:

if 7(z) =
billegy =4 0 T =Y

0, otherwise.

Finally, set Ly = (L(¢);))jen. Clearly, L. is an indexed family.

Claim A. L,, € AAllTxt.

Applying the characterization of AAllTxt (cf. Theorem 4) it suffices to show
that L, is inclusion-free and, furthermore, every class preserving hypothesis
space for L. has a recursive equality problem.

Let 7 € IN. Since 7 is a numbering of total recursive functions, we may easily
conclude that, for every x € IN, there is exactly one y € IN with (x,y) € L(¢;).
Hence L,. is inclusion-free.

Now, assume any class preserving hypothesis space @/AJ for L. For all j, x € IN,
set 7(j, ) = y, where y is the uniquely determined number with (z, y) € L(1);).
Obviously, 7 € R?. Since @/AJ is class preserving for L., 7 is a numbering for
U,,. Clearly, 7; = 7y, iff L(1);) = L(¢;). By Property (1), 7 has a recursive

equality problem, and thus we are done.

Claim B. L. & Finlnf.

Suppose the converse, i.e., L, € FinInf. Since finite inference is invariant
with respect to choice of the hypothesis space (cf. Lange and Zeugmann [26]),
we may assume that there is an IIM M witnessing L. € Finlnf ,, where 1 is
the hypothesis space defined above.
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Given M, we define an algorithm A4 that assigns a separating function dy
to every 7;. A is defined as follows. On input & € IN, execute the following
instructions:

(A1) For z =0, 1, 2, ... generate successively the lexicographically ordered
informant i* for L(z;,) until M outputs a guess, say on input i%.
(A2) Let m = max{x| Jy[(z,y) € content(i%)]}. Set & = {(z, 7e(x))| x < m}.

Since M Finlnf ,-identifies L., we may conclude that Instruction (A1) ter-
minates for every k € IN, and thus A is recursive. It suffices to show that, for
all j € IN, 5, C 7; implies 7, = 7;.

Suppose any j € IN with 6, C 7;. Clearly, 7,(z) = 7j(x) for all z < m, and
therefore ¢;({x,y)) = ¢¥x((x,y)) for all y € IN and all z < m. By the choice
of m, ¥ is an initial segment of the lexicographically ordered informant i/ for
L(1;). By Definition 2, M, when successively fed i* and i/, respectively, is
only allowed to generate a single, but correct hypothesis. Since M, when fed
i% = i, has output its one and only hypothesis, we obtain M (i¥) = M (i),

and hence L(ty) = L(1);). Consequently, 7, = 7;, too. Thus, U, is effectively
discrete, a contradiction. O

So far we have studied learning from text and learning from informant sep-
arately. Now we focus our attention to another aspect, namely the interplay
between information presentation and learnability constraints, i.e., we com-
pare “Inftypes” with “Tat-types” and vice versa. The first known result along
this line relates finite learning from informant to conservative inference from
text.

Proposition 7 (Lange and Zeugmann [23]). FinInf C ConsvTxt.

Since FinInf C AAllInf by Proposition 6, the question arises whether or not
Proposition 7 generalizes to AAllInf C ConsvTat or at least to AAllInf C
ExTaxt. While the validity of the former inclusion remains open, we show that
the latter one is indeed valid by Corollary 19 below. In order to establish this
result we first prove that discreteness implies FxTxt-learnability.

Theorem 18. For any indexed family L, if L is discrete, then L € ExTaxt.

Proof. Let £ be any indexed family that is discrete, and let @ be any class
preserving hypothesis space for L. For any ¢t € text(L) and for any i,z € N,
let af = max{z < x| (Vy < z)[ti(y) = 1 iff y € t}]}. Clearly, given ¢, and 1,
a? is computable. Define an IIM M as follows.

M(t,) = min{i| i <z and af = max{a?| j < z}}.

Let L € £, and let k = miny(L). Then, by discreteness of £ and since 1
is class preserving for £, there is an a € IN such that, for all j € IN with
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L(v;) # L, L(v;) differs from L on some y < a. For any ¢ € text(L), there
is an 2/ > max{a, k} such that t}, D {y < a| y € L}. Now, for all z > 2/,
we have aj > a, whereas af < a for all j € IN with L(v;) # L. By definition,

M(t,) = k for all x > 2’, and thus M converges to the minimal -index for
L. Hence, M EzTxt,-identifies £. O

Note that Theorem 18 cannot be sharpened to show that discreteness implies
conservative learnability, since the indexed family £ defined in the proof of
Theorem 12, Claim B is discrete but £ ¢ CConsvTzt (cf. Theorem 1 in Lange
and Zeugmann [24]).

Corollary 19. AAllInf C ExTxt.

Proof. Let £ € AAllInf. Then L is discrete (cf. Theorem 10 and Fact 5 in
Kummer [20]). Hence, £ € EzTzt follows by Theorem 18 above. On the other
hand, let Ly;, denote the indexed family canonically enumerating all finite sets
of natural numbers. Obviously, L;, is not discrete, and thus, L, ¢ AAllnf.
But Ly;, € ExTxt, and the corollary follows. O

By Theorem 8, we may easily conclude:
Corollary 20. For all Lt € {Arb, Super, All}, AAllnf C LtTxt.

The following theorem enables us to clarify the relation between the remaining
models of learning by erasing from text and informant, respectively.

Theorem 21.

(1) FinInf \ CSubTaxt # 0.
(2) EqualTxzt \ AAllInf # 0.

Proof. For verifying Assertion (1) recall the definition of the indexed family
L = (L;)jen used in the proof of Theorem 11, ie., Ly = IN and L;; = {j}.
Obviously, £ is FinInf-identifiable, and since £ ¢ CSubTaxt (cf. Theorem 12,
Claim A), Assertion (1) follows.

To verify Assertion (2), we refer the reader to the proof of Theorem 13. There,
an indexed family £ € FqualTzt is presented that possesses a class preserving
hypothesis space having no recursive equality problem. Hence, £ ¢ AAllInf
by Proposition 4. O

Taking into account that ExTxt C ExiInf (cf. Gold [14]), we directly arrive at
the following corollary displaying the consequences of Theorem 21.

Corollary 22. For all Lt € {Arb, Min, Sub, Equal, Super, All} and for all
ANe{A, e, C}, \LtTxt C ALtInf.

Putting Theorem 21 together with Corollary 2 we can easily conclude:
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Corollary 23.

(1) AFEqualTzt # AAlllnf.
(2) SubTaxt # AAlllnf.

(3) CSubTxt # AAllInf.
(4) AAlTxt # Finlnf.

4 Function Learning by Erasing

We now turn to the problem of learning (by erasing) of functions instead of
languages. For function learning, it is more interesting to study the relationship
between criteria for a fixed numbering (in Section 4.4 we consider the case
of “identifiable in some numbering”). Freivalds et al. [10] have studied the
analogue of All-learning, which they called co-learning. For special computable
non-Godel numberings of partial recursive functions, this analogue of All-
learning, turned out to be significantly more restrictive than learning in the
limit. However, in G6del numberings any learnable family can be learned by an
erasing strategy. Already the results in Section 3.4 for learning from informant
indicate that the less restrictive versions of learning by erasing as considered
in Section 3, do not increase the learning power.

Therefore in this section we concentrate on learning minimal programs by
erasing and learning minimal programs by strategies that result from learning
by erasing. Moreover we will mostly concentrate on Godel numberings. We
show that learning of minimal programs by erasing, as originally defined in
Freivalds et al. [10], is significantly weaker than learning minimal programs
even in Godel numberings. In order to enhance the learning power of erasing
strategies, we generalize the concept in a manner analogous to Section 3. First,
we allow the learning strategy to possibly not cancel out more than one of the
programs for the input function, but we still require the strategy to cancel all
incorrect programs of that function (Super in our notation). Secondly, we ob-
serve learning by erasing some incorrect programs only, including all programs
that are smaller than the minimal correct one (Sub in our notation). We show
that each of the above two types of learning minimal programs by erasing
is considerably more powerful than erasing all but the minimal program. We
only briefly consider Arb and Equal notions, since they turn out to be either
identical to other notions or trivial. Then we exhibit various relationships and
differences between the types of learning minimal programs by erasing and
give some examples of classes learnable within each of those paradigms. In
particular, we explore learning by erasing in Kolmogorov numberings that can
be viewed as “natural” Godel numberings of the partial recursive functions.

Learning of minimal programs by erasing naturally suggests a special strategy
of learning minimal programs: each new hypothesis is larger than the prior
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one. In contrast, one can also consider learning minimal programs by strategies
of the opposite type: each new hypothesis is smaller than the prior one. We
show that these both types of learning minimal programs are weaker than
learning minimal programs in the general case.

We derive necessary and sufficient conditions for the considered types of func-
tion learning by erasing. Therefore we show that the types coincide with the
type Ez of standard learning in the limit provided that arbitrary hypothesis
spaces are allowed among them also non-Godel numberings. Then we derive
a pure numbering-theoretic characterization of all these types. Finally, we
present a characterization which comes to the granularity of exhibiting neces-
sary and sufficient learnability conditions for an arbitrary pair of a function
class and a hypothesis space. Note that this is the first characterization result
of such kind in function learning.

4.1 Definitions

In the following we present the necessary definitions both for standard function
learning and for learning functions by erasing. Furthermore, we state some
basic results which easily follow from these definitions.

For f € R and n € IN, the initial segment (f(0), f(1),...,f(n — 1)) is denoted
by f[n], or, more formally, the code of the tuple (f(0), f(1),..., f(n —1)) in
some fixed one-one computable encoding of all tuples of natural numbers onto
IN. Let SEG = {f[n]| f € R, n € IN}. A denotes the empty segment f[0].
An inductive inference machine (IIM) (also called learning machine) is an
algorithmic mapping from SEG to IN U {?}. Intuitively, we will interpret the
output of a learning machine as a program. “?” then represents the case where
the machine outputs “no conjecture”. We let M, with or without, decorations
range over learning machines.

An erasing learning machine (ELM) is similar to an IIM but, in a way similar
to that of language learning, we interpret the output of an ELM in a different

manner. We let M range over erasing learning machines, too. The context will
determine whether M denotes IIM or ELM.

In the following definitions let ¢ denote any numbering and f any recursive
function. Let Progs,(f) denote the set of ¢-programs for f, i.e., Progs,(f) =

{il ¥ = f}. Let miny(f) = min Progs,(f).

Definition 7 (Gold [14]). M Exy-infers f iff there ezists an i € IN such that
the sequence (M (f[n]))new converges to i and ¢; = f.
M FEzy-infers C iff M Ex,-infers each f € C.

Let Exy, denote the collection of all classes of functions for which there is an
IIM M such that M Exy-infers C.
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It can be shown that Fz, = FEz,, for all Godel numberings 1. Thus the
class Ez is invariant under Godel numbering chosen to interpret the programs
conjectured by the machines. Thus we often refer to Ex, as just Ez.

Definition 8 (Freivalds [6]). M MinEx,-infers f iff f € Ry and the sequence
(M(f[n]))nen converges to ming(f).

M MinExy-infers C iff M MinExy-infers each f € C.

Finally, MinEx, is defined analogously as above.

Unlike Ez inference, the class Min Ez;, depends on the Gédel numbering 1 (cf.
Freivalds [6]).

Definition 9 (Gold [14]). M Finy-infers f iff there exists an i such that
v; = f and the sequence (M (f[n]))new contains only the program i (besides
possibly “?7).

M Finy-infers C iff M Fing-infers each f € C.

Finally, Finy is defined analogously as above.

The class Finy, is the same for all Godel numberings 1. Thus we often refer
to Fing, as just Fin.

Definition 10 (Freivalds [6]). M MinFing-infers f iff f € Ry and the
sequence (M(f[n]))new contains only the program miny(f) (besides possi-
bly “77).

M MinFing-infers C iff M MinFing-infers each f € C.

Finally, MinFiny is defined analogously as above.

The class MinFin, depends on the Gédel numbering ¢ (cf. Freivalds [6]).

We will now consider the different versions of learning by erasing. Similar to
the definitions of Ez and Fin, we will first define the general version and
then the minimal version. Again in the definitions below let ¢ denote any
numbering and f any recursive function.

Definition 11. Let ProgSet(M, f) = {M(f[n])| n € N A M(f[n]) #7}, and
let ProgSet(M, f[n]) = {M(f[m])| m <n N M(fm]) #7}.

We say that M stabilizes on f to ¢ iff i = min(IN \ ProgSet(M, f)). We say
that M stabilizes on f iff there exists an ¢ such that M stabilizes on f to 7.

Definition 12. An ELM M Arby-infers f iff there exists an i such that {; = f
and M stabilizes on f to 1.

M Arby-infers C iff M Arby-infers each f € C.
Finally, Arby is defined analogously as above.
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Definition 13. An ELM M MinArby-infers f iff f € Ry and M stabilizes
on f to miny(f).

M MinArby-infers C iff M MinArby-infers each f € C.

Finally, MinArby is defined analogously as above.

The definition of All, below was first given by Freivalds et al. [10].
Definition 14. An ELM M

(A) Suby-infers f,
(B) Equaly-infers f,
(C) Supery-infers f,
(D) Ally-infers f,

iff M Arby-infers f and the following corresponding condition is satisfied

(A) ProgSet(M,f) C IN\ Progs,(f), i-e., M is only allowed to erase incorrect
programs;

(B) ProgSet(M,f) = IN\ Progs,(f), i.e., M has to erase exactly all the in-
correct programs;

(C) ProgSet(M,f) 2 IN\ Progs,(f), i.e., M has to erase all the incorrect
programs;

(D) |IN\ ProgSet(M, f)| =1, i.e., M has to erase all but one program.

We can define Suby, (Supery, All,, Equaly)-identification of classes by an ELM
M in a manner similar to above. Finally, the classes Suby,, Supery, All,, and
Equaly can be analogously defined.

Definition 15. An ELM M

(A) MinSuby-infers f,
(B) MinEqualy-infers f,
(C) MinSupery-infers f,
(D) MinAlly-infers f,

iff M MinArby-infers f and the following corresponding condition is satisfied

(A) ProgSet(M,f) € IN\ Progs,(f), i-e., M is only allowed to erase incorrect
programs;

(B) ProgSet(M, f) = IN'\ Progs,(f), i.e., M has to erase evactly all the in-
correct programs;

(C) ProgSet(M, f) 2 IN\ Progs,(f), i.e., M has to erase all the incorrect
programs;

(D) |IN\ ProgSet(M, f)| =1, i.e., M has to erase all but one program.

We can define MinSuby, (MinSupery, MinAll,, MinEqualy)-identification of
classes by an ELM M in a manner similar to above. Finally, the classes
MinSuby, MinSupery,, MinAll,, and MinEqual, can be analogously defined.
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For Godel numberings 1, by Proposition 11 below, Arb, = Ez,. By Proposi-
tion 9, for all numberings v, MinArby, = MinSub,. Thus, we will not consider
MinArby, Arby, further in this paper.

For Godel numberings 1, the criterion Equaly is essentially trivial, so we do
not consider Equal, any further in this paper, too.

Learning by erasing in the sense of MinSub, suggests a natural strategy of
learning minimal programs: output, in increasing order, all the indices smaller
than the minimal one for the given function. We will observe below in Propo-
sition 9 that this type of learning minimal programs and MinSub,, are of the
same power.

Definition 16. M MinlIncExy-infers f iff M MinExy-infers f and the se-
quence (M (f[n]))nen (except for initial sequence of 7’s) is monotonically non-
decreasing.

M MinIncExy-infers C iff M MinlIncExy-infers each f € C.
Finally, MinIncEx, is defined analogously as above.

As a dual to MinIncEzy criterion we consider the case where the machine is
required to output its conjectures in a decreasing order.

Definition 17. M MinDecExy-infers f iff M MinExy-infers f and the se-
quence (M (f[n]))nen (except for initial sequence of 7’s) is monotonically non-
INCTeasing.

M MinDecExy-infers C iff M MinDecExy-infers each f € C.
Finally, MinDecEx, is defined analogously as above.

For any learning type Lt above, we set Lt = Uyep2 Liy.

It can easily be shown that there exists an r.e. sequence of machines My, M, .. .,
such that, for any learning type Lt, discussed in this section, if C € Lt then,
for some i € IN, M; Lty-infers C. Intuitively, this enumeration of machines al-
lows us to restrict our attention to just these machines in the diagonalizations.

Clearly, the minimal version of each of the criteria defined above can only be
restrictive, thus:

Proposition 8. For every Lt € {Fin, Ex, Sub, Super, All} and every number-
ing ¥, MinLt, C Lty,.

The following proposition essentially follows directly from the definitions, we
omit the details.

Proposition 9. MinIncEzxy, = MinSuby = MinArb, = Suby and MinIncEx,
N MinDecEx;, = MinFin, for every numbering 1.
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Hence in order to derive results on MinSub, and Sub, it suffices to study
MinIncEzy instead. We will use this approach at various places below.

Proposition 10. MinFin, C MinAll, C Mz'nSuperw C MinSuby C MinEx,,
and MinFiny, C MinDecEx, C MinFEzx,; for every numbering 1.

Proof. We show MinSuper, C MinSub,. All the other inclusions follow from
the definitions.

Suppose M is given. Let M’ be such that ProgSet(M', f) = {i| (Vj < )]y
ProgSet(M, f)]} for all f. It is easy to construct M’ as above. It is now easy
to see that M’ MinSuby-infers each function MinSuper -identified by M. O

Proposition 11. All, = Super, = Arb, = Ex, for every Gadel number-
mng .

Proof. Clearly, for all numberings +, All, C Super, C Arby, C Em;. For
Godel numberings ¢, Ex, C Ally (cf. Freivalds et al. [10]). O

Since we are mainly interested in Godel numberings and Kolmogorov number-
ings, due to Proposition 11, we will mostly be interested only in the minimal
versions of the criteria of learning by erasing.

Note that in contrast to Proposition 11 the following holds.
Proposition 12. Suby, C Ex, for every Godel numbering 1.

Proof. Let ¢ be any Goédel numbering. Then, by Proposition 9 and by Frei-
valds [6], Sub, = MinIncEx, C MinEz, C Exy. O

4.2 Kolmogorov Numberings as Hypothesis Spaces

In this section we show that all of the different minimal criteria defined
above are separated in every Kolmogorov numbering. There is one excep-
tion, though, namely for MinSuper, and MinAlly, at present we know only
that these types are separated in some Kolmogorov numbering. The other
“exception” concerns MinSuby, and MinlIncFEzy, which cannot be separated,
since these types coincide by Proposition 9. Figure 2 summarizes the inclu-
sions of the types of both standard learning and learning by erasing of minimal
programs in Kolmogorov numberings.

First, we will show the following result.
Theorem 24. For every Kolmogorov numbering 1,

(1) MinSuper, C MinIncEz.,

30



MinEx

/\

MinInc Ex = Min Sub MinDecEx
Minfuper
Mi?iAll
\/
MinFin

— Proper containment in all Kolmogorov numberings

----* Proper containment in some Kolmogorov numbering

Figure 2. Learning in Kolmogorov numberings

(2) MinAll, C MinIncEx,,
(3) MinSuper,, # MinDecEz.,
(4) MinAlly # MinDecExy,
(5) MinIncEx, # MinDecEw,.

The proof of Theorem 24 will be based on several other results which we
will prove now. Some of these results are interesting in its own. Moreover,
the proofs of these results demonstrate some techniques which turn out to be
useful just in Kolmogorov numberings.

Let H = {h;| j € IN}, where h; is defined as follows.

1, ifz=yjy,
hy(a) = { /

0, otherwise.
Theorem 25 (Freivalds [7,8]). For every Kolmogorov numbering v, there is
a C CH such that |C| = oo and C € MinFin,.

Recall that MinFin, C MinlncEx, by Proposition 9. We next consider the
following proposition.

Proposition 13. For every Godel numbering v, all C € MinIncEzy, and all
feR, CU{f} € MinIncEx,.

Proof. Suppose ¢,C, f are as given in the hypothesis. Let ¢ = miny(f).
Then there exists a k € IN such that, for all ¢ € R, if g[k] = f[k], then
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ming(f) < ming(g). Suppose M MinIncEx, infers C. Define M’ as follows:

0, ifn < k;
/ M(g[n]), if n >k, and flk] # g[k];
Mgl = M0 = k. and ginl = fin].

max {7, M(g[n])}, otherwise.
It is easy to verify that M’ MinIncEx,-identifies CU{f}. O

Proposition 13 does not hold for MinDec Ex replacing MinIncEz. Let ZERO
be the everywhere 0 function. Note that any machine Min Dec Ex,-identifying
ZERO can MinDecEx,-identify only finitely many functions in H. Thus:

Proposition 14. For every numbering ¢ and every C C H with |C| = oo, CU
{ZERO} ¢ MinDecFEzx.

Freivalds’ proof of Theorem 25 essentially also shows:

Theorem 26. For every Kolmogorov numbering v, there are ¢ > 0, C €
MinFiny and infinitely many r € IN such that [{i <7r| h; €C}| > €-r.

Using Theorem 26 we derive the following result.

Theorem 27. For every Kolmogorov numbering 1, there is a C C H with
IC| = 00 and C U{ZERO} € MinAll,.

Proof. Let M, € > 0, and C' C 'H, be such that M MinAll,-infers C" and

(oﬂo r)[{i < rl h; € C'}| > €-r]. Note that there exists such M,e,C" by
Theorem 26 and Proposition 10.

Let M’ be defined as follows. Suppose z = miny(ZERO).
ProgSet(M', ZERO[n)) = {z| z <e-n/2 N z # 2}
ProgSet(M’, h;) = ProgSet(M, h;) U ProgSet(M', ZERO[j])

Note that such an M’ can be easily constructed.

Note that M’ MinAll-infers ZERQO. It may however not MinAll,-identify all
the functions MinAll,-identified by M (due to the extra programs output by
M’ on h;[j]).

Let C = {h;| h; € C" and miny(h;) > €-j/2}. It is easy to verify that M’
MinAlly-infers each function in C. Moreover, |C| = oo, since it contains at
least (e — €/2) - r functions in {hy,...,h,} for infinitely many r. O

From Theorem 27 and Proposition 14, we have:

Theorem 28. MinAll,\ MinDecEzy, # 0 for every Kolmogorov numbering 1.
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The following Corollary follows from Theorem 28. It can also be obtained
directly from Theorem 25 and Propositions 13 and 14.

Corollary 29. MinIncEz, \ MinDecExy, # 0 for every Kolmogorov number-
mng .

Corollary 30. MinDecEx, C MinEzy for every Kolmogorov numbering 1.
We now prove a result which is complementary to Corollary 29.

Theorem 31. MinDecEx, \ MinIncExy, # 0 for every Kolmogorov number-
mng .

Proof. Suppose a Kolmogorov numbering ¢ is given. We will construct a
numbering 7 as follows.

For each 7 € IN, j < 7, we will define l{,u{ € IN. Think of the programs (in
the numbering 7) as being divided into intervals, I;, and each interval I; as
being subdivided into i + 1 subintervals I7. The numbers &/ and u/ are the
boundaries of the interval I7.

=1
0 =ui+1 Forj<i l/™ =ul+1
For j <i,ul =1 -i-3+1.
For j <i,let I} = {p| I <p <ul}.
Let Ii:Ujgz‘Iij-

Each 7, will either be a total recursive function or the everywhere undefined
function.

In the construction below, we will define the functions 7y, for k € I; (such a
construction is carried out for each i separately). Intuitively, for each i, we plan
to construct a collection S; of functions, such that none of My, My, ..., M;_;
MinIncEzy-identifies any function in S;. These S; will, in addition, satisfy
some nice properties. This, in turn will allow us to construct the diagonalizing
class witnessing the theorem.

Informally, in the construction below, we start with j = ¢ and define all 7, for
p € ]Zj Then, we search for one out of the ¢+ machines My, ..., M;_;, which
can be “diagonalized” against using (an appropriate initial segment of) one
of the functions 7, already defined (see step 3, 4). If the search is successful,
the procedure is repeated with j = ¢ — 1, searching for one more machine
which can be diagonalized against, and so on. Since, we do not know about
the reduction from 7 to ¢, the diagonalization mentioned above may not work
for all 7. It however works for all but finitely many <.
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The diagonalization condition in step 4:
{r <il Bg>i-1)lg € ProgSet(M,, 7, [y])]}| > s

is due to the fact that a machine M,, which has already been diagonalized
against, will fulfill the requirement (3¢ > i - )[q € ProgSet(M,,,[y])] in
the subsequent stages. Thus, after each (successful) stage s, we would have
diagonalized against at least s + 1 machines.

We now proceed formally. Actual definition of S; and the diagonalization class
witnessing the theorem will be given after the construction.

Definition of 7, for k € 1.

Let 02(0) =i (0? is of length 1). Go to stage 0.

Begin stage s.

1. Letj—i—s

2. Let m = |of| (i.e., m is the least element not in the domain of 7).
3. Forall p € I, define 7, as follows

)

os(x), if x <m,
7,(x) =< p, if v =m,
0, otherwise.

4. Search for p € I’ and y > m, such that, |{r < i| 3¢ > i-1)[¢ €
ProgSet(M,, 7,[y])|}| > s.
(* Intuitively if (3¢ > i - 1)[q € ProgSet(M,, 7,[y])] then M, has output a
“large” program, and thus would become useless *)
5. If and when such p,y are discovered, let o™ = 7,[y] and go to stage s+ 1.
End stage s.
End of Definition of 7, for k € I;.

First note that 7 is indeed a numbering. To compute 7 (), first determine the
interval ]Z.j/, such that k € ]fl. Then, simulate the construction above, until
the stage is reached where j = j'. If this stage is not reached, then 73 (x) is
undefined. Otherwise, the value of 7 () can be computed from the assignment
in step 3.

Next note that there cannot be infinitely many stages, since the search in step
4 will, at the latest, not hold for s = i. Let s; denote the last stage that is
executed, and let j; =17 — s;.

It is easy to observe that, 7, is total, for p € Ugi

undefined, for p € ngéi_l If . Moreover, all total functions in {7;| k € IN} are
pairwise different.

% I7, and 7, is everywhere

Let ¢ be a constant such that, for all p, there exists a p’ < max{c- p, c}, such
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that 7, = 1) (since ¢ is a Kolmogorov numbering, there exists such a c). Let
i > c¢. We note the following property about the functions 7,, p € I}".

For all r < i, either ProgSet(M,, 7,) contains a ¢-program which is greater
than or equal to 7 - l{iﬂ > - u{ >1-p>c-p (M, was diagonalized against
in some of the previous stages), or ProgSet(M,, 7,) contains only programs
less than 7 - lfl (M, could not be diagonalized against in any stage).

Thus M,, r < i, can MinlIncEry-identify only those 7, in {7,] < p<ull,
whose minimal ¢ programs are < i - [7*. Let

S = {nl lf’ <p< uf’ A ming(T,) > i lf’}

It immediately follows that no machine M, can MinIncEz,-identify any func-

tion in &;, for i > max {r, c}. We will construct our diagonalizing class as an

infinite subset of ;. S;, using a trick used by Freivalds [7,8]. For i > ¢, let
Si={nlmeS N |{g<c-ulf| )]0

)

+1] C g} < 4c}

Note that |S!| > [uli — 1] — uf’/4 — i1 (i -1 term is for functions spoiled
due to them having small (< ¢ - ) minimal programs in v; the u}* /4 term is
due to the functions having more than 4¢ programs < ¢- v/’ in the numbering
¥). Thus S/ is non-empty (for i > ¢).

Let C = U~ S;. We now construct Mj, My, ..., M, such that at least one of
these machines Min Dec Exy-infers an infinite subset of C.

The idea of the construction of M/ is as follows. Suppose the input function
is f € S] (i can be determined from f(0)). Thus f must be the same as 7, for
some p € I, Note that, [{z > 0| 7,(x) #0} =i—j+1,forpe I}, j > j.
Moreover, if 7, = f, then miny(f) must lie in the interval [i- I, ¢ - ul'] (note
that ¢- ) <i-ul’ <i-1""). This is what our construction uses. Note that
0.7, if defined, can be effectively determined. The following algorithm for M/
will only use j (for further processing) such that 077 is defined. So assume
such a restriction on j. Let n} = |07 7| + 1 (note that n} — 1 determines the
point at which the functions in {7,| p € I/} differ).

Let X/ ={qli-l! <qg<c-ul and f[nl] C o).

M is defined as follows. M/(f[n]) =7, forn <1.Forn > 1,let j =i—[{z] 0 <
r<n A f(x)# 0} +1; M/(f[n]) is then the r-th element, if any, in a standard
1-1 enumeration of X7.

It is easy to note that the conjectures of M, are monotonically decreasing
(since c- w! < i1 —recall that i > ¢, and the j’s as used in the definition of
M are monotonically decreasing). Moreover, at least one of the machines M/,
1 < r < 4e¢, MinEry-infers f (since | X]*| < 4¢, for f € C, and X}’ contains
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a minimal program for f.) Thus for every function f € C, at least one of the
machines Mj, ..., M;. MinDecFEzy-infers f. Since C is infinite, there exists
a machine which Min Dec Exy-infers an infinite subset of C. Since no infinite
subset of C is in MinIncFExy, the theorem follows. O

From Theorem 31 and Corollary 30 we immediately get the following result.
Corollary 32. MinIncEx, C MinEx, for every Kolmogorov numbering .

Theorem 33. MinIncEx, \ MinSuper,, # 0 for every Kolmogorov number-
mng .

Proof. The idea of the proof is similar to that of the proof of Theorem 31
though there are subtle differences. Suppose a Kolmogorov numbering 1 is
given. We will construct a numbering 7 as follows.

For each i € IN, j < i, we will define, I, u

) 1) ’L

=1

P =u+1. Forj<i /™ =ul+1.

For j <, ul = (19)%(3i + 1)%+7,

For j <i,let I/ = {p| I/ < p <!}, and let I, = Uj<i I

Each 7, will either be a total recursive function or the everywhere undefined
function. We will now define the functions 73, for k € I; (such a construction
is carried out for each i separately). Intuitively, this will give us a collec-
tion of functions S;, such that none of the machines My, M, ..., M;_;, will
MinSuper,-identify any of the functions in ;.

Definition of 7, for k € I;.

Let 02(0) =4 (0? is of length 1). Go to stage 0.

Begin stage s.

1. Let j =s.

2. Let m = |o}| (i.e. m is the least element not in the domain of o7).
3. Forall p € I/, define 7, as follows

os(x), if x <m,
T,(x) =< p, if v =m,
0, otherwise.

4. Search for p € I and y > m, such that, |{r < i| |{g < i-u!| q &
ProgSet(M,, 7,[y])} < \/Z“ZH > 7.

(* Intuitively [{g < i-ul| ¢ € ProgSet(M,,7,[y])} < /i means that
M, can MinSuper,-identify only “few” relevant functlons

5. If and when such p, y are discovered, let o™ = 7,|y] and go to stage s+1.
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End stage s.
End of Definition of 74, for k € 1.

First note that there cannot be infinitely many stages. In fact, if the construc-
tion reaches stage ¢, then the search at step 4 cannot succeed. Let s; denote
the last stage that is executed, and let j; = s;.

It is easy to observe that each 7, is either a total function or the everywhere
undefined function (for p € I7, 7, is total iff j < j;.) Moreover, total functions
in the numbering 7 are pairwise different.

Let ¢ be a constant such that, for all p, there exists a p’ < max{c- p, ¢}, such
that 7, = 1 (since ¢ is a Kolmogorov numbering, there exists such a c). Let
i > c¢. We note the following property about the functions 7,, p € I}".

For all r < 1, either
(a) there exists an S C {z| x < i-wu!}, such that |S| < y/i-u! and, for
all p € I/, IN \ ProgSet(M,,7,) € S (M, has been diagonalized against in

(2
previous stages) or

(b) for each p € I}, ProgSet(M,,7,) does not contain at least /i - u
programs < ¢ - ul. (M, was not diagonalized against in any of the stages)

In either case M,, r <, can MinSuper -identify at most /i - u! of the func-
tions in {7,| I/ < p < wul'} (in case (a), there are only /i - u} possibilities for
M, to stabilize to; in case (b) there can be at most (/i - u¢ distinct programs
for which M, erases all the incorrect programs < i - u).

Let S; = {7,] lfl <p< uf’ N (Yr <i)[r, & MinSuper,,(M,)]}.

It immediately follows that no machine M, can MinSuper,-identify any func-
tion in §;, for ¢ > max {r, c}.

We will construct our diagonalizing class as an infinite subset of ;s . S;, using
a trick used by Freivalds [7,8]. For i > ¢, let

Sl’ = {Tp| T, € S; A minw(Tp) > Zlf’ A |{q < Cugll TpHO-zji

+1] C g} < 4c}.

Note that, for large enough i, |S/| > (ulf — IJ') —wl /4 —i -1 —i-\Ji-ui >0
(i - 12 term is for functions spoiled due to them having small (< i-1/*) minimal
program in 1; the ui’ /4 term is due to the functions having more than 4c
programs < ¢ - uf in the numbering v¥; 4 - /7 - u! term is for the functions
which are MinSuper -identified by some M,, r < i). Thus S; is non-empty for
large enough @ > c.

Let C = U~ S;. We now construct Mj, My, ..., M, such that at least one of
these machines MinIncEzy-infers an infinite subset of C.
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The idea of the construction of M/ is as follows. Suppose the input function
is f € S} (i can be determined from f(0)). Thus f must be the same as 7,
for some p € I}". Note that, [{z > 0| 7,(z) # 0} =j+ 1, forp e I, j < j.
Moreover, for f € S minw( f) must lie in the interval [i - I/, ¢ - u}’] (note that
coul <i-ul < lﬁ+ ). This is what our construction uses.

Note that O' , if defined, can be effectively determined. The following algorithm
for M/ will only use j (for further processing) such that o is defined. So assume
such a restriction on j. Let n] = |o7| + 1 (note that n! — 1 determines the
point at which the functions in {7,| p € I/} differ).

Let X! ={qli-ll <qg<c-ul A flnl] Cb,}.

M) is defined as follows. M/(f[n]) =7, forn < 1. Forn > 1,let j = [{z| 0 <
x<n A f(x)# 0} —1; M.(f[n]) is then the r-th element, if any, in a standard
1-1 enumeration of X;. ;

It is easy to note that the conjectures of M/ are monotonically increasing
(since c-ul < i-1J7'—recall that i > ¢, and the j’s as used in the definition of
M are monotonically increasing). Moreover, at least one of the machines M/,
1 < r < 4e, MinExy-infers f (since \XZJ < 4c, for f € C, and Xf contains
a minimal program for f.) Thus for every function f € C, at least one of
the machines My, ..., M), MinIncExy-infers f. Since C is infinite, there exists
a machine which MinIncEx,-infers an infinite subset of C. Since no infinite
subset of C is in MinSuper,, the theorem follows. O

We are now ready to prove Theorem 24.
Proof of Theorem 24.
Let ¢ be any Kolmogorov numbering.

MinSuper,, C MinIncEz, can be seen as follows. By Proposition 10, MinSuper,,
C MinSub,. By Proposition 9, MinIncEzr, = MinSuby. Thus, MinSuper, C
MinIncEry. Furthermore, by Theorem 33, MinIncExy \ MinSuper, # 0.

MinAlly, C MinIncEzy is proved as follows. By definition and Propositions 9
and 10, MinAlly, € MinSuper, C MinSub, = MinlIncEz,. By Theorem 33,
we have MinIncEz, \ MinSuper,, # 0; thus MinIncEz, \ MinAlly # 0.

Next we show MinSuper,, # MinDecEz,. By Theorem 28, we have Min All, \
MinDecEz, # (. Since, by definition, MinAll, C MinSuper,,, we obtain
MinSuper,, \ MinDecEzy, # 0. Conversely, by Theorem 31, MinDecEx, \
MinIncEz, # (). Since, by Propositions 9 and 10, MinSuper, C MinSuby =
MinIncEry, we get MinDecEz, \ MinSuper,, # 0.

MinAlly, # MinDecEx, follows, since, by Theorem 28, we have MinAll, \

38



MinDecEz;, # 0, and, by Theorem 31, MinDecEx, \ MinIncEz, # 0. As
above, MinAll, C MinIncExy; hence MinDecExy \ MinAlly, # 0.

MinIncExy, # MinDecExy is a direct consequence of Corollary 29 and Theo-
rem 31. O

From Theorem 24 parts (1), (2), (5) and Proposition 9 we immediately get
the following corollary.

Corollary 34. For every Kolmogorov numbering 1),

(1) MinSuper, C MinSub,,
(2) MinAll, C MinSuby,
(3) MinSuby # MinDecEux,.

The only separation which is not given by Theorem 24 and Corollary 34 con-
cerns the types MinAll and MinSuper. We conjecture that for every Kol-
mogorov numbering v, MinAll, C MinSuper,. However, at present we only
know that these types are separated in some Kolmogorov numbering. In the
following we exhibit such a numbering.

Theorem 35. There is a Kolmogorov numbering ¢ and C € MinSuper,, such
that for every Godel numbering n, C & MinAll,,.

Proof. Without loss of generality suppose that ¢ is a Kolmogorov numbering.
We will construct a Kolmogorov numbering 1 and class C witnessing the
theorem.

Let ¥7; = ;. Note that this makes ¥ a Kolmogorov numbering. Define h as
follows: h(0) =1, and for all ¢ > 0, h(i + 1) = 3(h(i) + 1).

Note that for any Godel numbering 7, there must be a 1-1, increasing, recur-
sive function ¢; witnessing the reduction from 1 to n. Thus we will try to
diagonalize against all pairs of machines, M;, and potential reduction func-
tions, p;.

Let S, = {pl (3| hk) <1 < hk+1)3Fr| 0 <r < T)p="T7+4+r]}
Intuitively, Sy denotes the k-th set of available programs for diagonalization.
We will use the programs in the set Sy for diagonalization against machine
M; and reduction function ¢;, where k = (7, 7). It will be the case that all
functions computed by programs in S will be total functions.

Let C = {¢pl p € Ur Sk A p=miny(¢,)}.

Note that totality of all functions computed by 1, p € U;, Sk, immediately im-
plies that C € MinSuper,,. For each k = (i, j), we will construct the functions
computed by 1, p € S, in such a way that, if ¢; is an increasing function
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witnessing a reduction from 1 to Godel numbering 7, then, for at least one
p € S, we get 1, € C\ MinAll,(M,). This would prove that C ¢ MinAll,, for
any Godel numbering 7.

For each r € N, let f, denote the constant function f,.(z) = r. For w €
{1,2,3}, and [ such that h(k) < ! < h(k+1), we will now define the functions

V4w and Y74 pys.
w7l+w == f7l+w-

T+ w, if =0,
frtw(x), if x> 0and ®;(7l +w+ 3) > z,
UVrrpwrs(T) = frw(z), ifx>0and &;(7l+w+3) <z and
{a < @ (Tl+w+3)| g & ProgSet(M;, fnw(z])} > 1,
7l + w + 3, otherwise.

It is easy to verify that all functions computed by programs in |J, Sy are
total. Suppose ;, is a 1-1, increasing, recursive function which witnesses the
reduction between ¢ and 1. Then M; does not MinAll,-identify at least one of
U714 and Pr443. Moreover, for each k, there exists an [, h(k) < < h(k+1),
and aw € {1,2,3}, such that for all x < h(k+1), ¢,(0) # 7l 4+ w. (This holds
since the number of such pairs [, w is 3(h(k + 1) — h(k)) > h(k+ 1)+ 1). It
immediately follows that there exists a p € S, such that ¢, € C, and M; does
not MinAll,-identify ¢,. O

As a corollary, we get the following separation.

Corollary 36. There is a Kolmogorov numbering v such that MinAll, C
Min Super,.

Proof. By definition, MinAlly, C MinSuper, for every numbering . The
proper inclusion follows from Theorem 35. O

Our main aim in this section was to separate all the minimal identification
criteria in each Kolmogorov numbering. As an aside we note that a variant
of the proof of Theorem 11 in Jain [15] can be used to show that there is
an infinite class C C 'H such that for every Kolmogorov numbering ¢, C €
Min Fin,,. Hence Corollary 29 can be strengthened in the following way.

Theorem 37. There is C C R such that for every Kolmogorov numbering 1,
C € MinIncExy \ MinDecEry.

Thus the same class could be used for diagonalization for all Kolmogorov
numberings. Such a result can also be obtained for Theorem 28. However, we
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do not yet know whether we could use the same class for other diagonalizations
in this section.

We now note that a result similar to Theorem 35 can also be proved for
Min Dec Ex versus MinIncEx.

Theorem 38. There are a Kolmogorov numbering ¢ and a C € MinDecFEw,,
such that for every Gddel numbering n, C € MinIncEm,.

Proof. Let C = {f € R| (Vx)[f(x) = f(0)]}, the class of constant functions.
We first construct a Kolmogorov numbering 1 such that C € MinDecEx,. Let
1) be defined as follows.

Without loss of generality suppose that ¢ is a Kolmogorov numbering. Let
Yoi11 = ;. Note that this makes 1) a Kolmogorov numbering. For all z, let
ai(2) = ¢;(0). Consider the following machine M.

M(f[0]) =?. For n > 0,

24, if (3 <n)[@:(0) <n A 9i(0) = f(0)] and
M(f[n]) = , j;min{iénl ®;(0) <n A ¢i(0) = f(0)},
?,  otherwise.

It is easy to verify that M MinDecExy-infers C.

Let n be any Godel numbering and M be any machine. We now show that M
cannot MinIncEx,-identify C. This would prove the theorem.

By implicit use of Kleene’s recursion theorem, there exists an e such that 7,
may be defined as follows. Let f. denote the function, f.(z) = ¢, for all z.

Definition of 7..

1. Search for ¢,n € IN, such that M (f.[n]) > e.
2. If and when such ¢, n are found, let n, = f..
End of Definition of 7,.

Note that if step 1 does not succeed then M can MinlIncEx,-identify only
finitely many functions in C. On the other hand, if step 1 search succeeds then,
clearly, min,(f.) < e. However, since M on f, outputs a program larger than e,
M cannot MinlIncEx,-identify f.. It follows that M does not MinIncEx,-
identify C. O

We now present a result on MinAlly-learning of recursively enumerable classes
in Kolmogorov numberings.

Theorem 39. For any infinite r. e. U C R, there are an infinite V C U and
a Kolmogorov numbering 1 such that V € MinAll,.
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Proof. Let 7 € R* be a 1-1 numbering such that & = {n;| i € IN}. Since
is 1-1, it is easy to see that there is a machine M MinAll,-learning U. Let 3
be a Kolmogorov numbering. Define ¢ as follows. ¥3;, = 3;, 13,01 = n9; and
3ir2 = Moiv1. Let M’ be such that ProgSet(M', f) = {%i| i € N} U {% +
1] 2i € ProgSet(M, f)} U{3i+ 2| 2i + 1 € ProgSet(M, f)}.

Let V = {noi| (Vj < 0)[85 # m2i]} UAmeia| (Vi < 0)[B5 # moiga]}- Tt is easy to
verify that V is infinite and M’ MinAll-infers V. O

Finally, we compare the type MinFin with the types of learning by erasing.

Corollary 40. For every Kolmogorov numbering 1,

(2) MinFiny, C MinDecFExy.

Proof. MinFin, C MinAll, by Proposition 10. Moreover, Min Fin,, C MinDecEx,,
by Proposition 10 and MinAll, \ MinDecEx, # 0 by Theorem 28. Hence
MinFinyg C MinAlly.

MinFin, = MinIncExy, N MinDecExy, by Proposition 9. Furthermore, we
have MinIncEx,# MinDecEx, by Theorem 24, Assertion (5). Consequently,
MinFin, C MinDecEzy. O

4.3  Godel Numberings as Hypothesis Spaces

In this section we prove that some of the diagonalizations shown for arbitrary
Kolmogorov numberings in the previous section may not hold for every Godel
numbering.

Theorem 41. There exists a Godel numbering v such that MinFin, =
MinAlly = MinSuper,, = MinIncExy, = MinDecEry = MinEz,.

Proof. Taking a Godel numbering 1 such that MinEz, contains only finite
classes of functions (cf. Freivalds [6]) gives the theorem. O

In fact, using the above theorem, for every “reasonable” relationship between
the minimal criteria considered in this paper, we can construct a Godel num-
bering in which this relationship does hold. The essential idea is to interleave
the needed diagonalizations in Theorems 43, 44, 45, 46, 47, with the number-
ing generated in Theorem 41 (cf. Freivalds and Jain [9] used a similar trick to
generate Godel numberings for any reasonable relationship between Min Fin,,
MinAlly,, MinEz;). We omit the details.

Theorem 42. Suppose ay, s, sz, o, B, P2 € {C, =} such that 31 and By are
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both ‘=" 1ff aq, s, a3, a4 are all ‘=". Then there exists a Gddel numbering
such that

(1) MinFiny ay MinAlly ay MinSuper,, asz MinlncExy, ay MinExy, and
(2) MinFiny py MinDecExy By MinEx,.

We now prove the theorems on non-Godel numberings needed for the proof of
Theorem 42.

Theorem 43. There is a numbering 1 such that

(1) Ry € MinIncEry and |Ry| = oo
(2) for any S € Ry with |S| = 0o, S ¢ MinDecExy, U Super,,.

Proof. We exploit the fact that for Super,-identification one needs to erase
all the incorrect programs.

For i € IN, define f; as follows: f;(0) =4, and, for x > 0, let f;(x) = 0.
Let C = {f;| i € IN}. Let h(0) = 0. Let h(i + 1) = h(4) + 2i + 1.
We will make sure that (a), (b) and (c) are satisfied.

(a) For each i, exactly one of the programs in S; = {p| h(i) <p < h(i+ 1)}
will compute f;. All the other programs in .S; will compute non-total functions.
This will make Ry, = C.

(b) For j < i, M; does not MinDec Exy-identify or Super,-identify f;.
(c) C € MinIncEwy.

This will prove the theorem.

Fix i. We now define v}, for j € S;.

Definition of 1;, for j € S;.
Let CancelS? = CancelD? = ().
Go to stage 0.
Begin stage s
1. Let p(i,s) = h(i) + 1 + |CancelS;| + |CancelD;|.
2. Forall x < s, let ¥4 (7) = fi(2).
(Intuitively, we want to make ¥ 00) = fi).
3. Let CancelD;™" = CancelD} U {j < i| p(i,s) € ProgSet(M;, fi[s])}.
4. Let CancelS{™' = CancelS; U {j < i| {I < h(i +1)| | # p(i,s)} C
ProgSet(M;, fi[s])}.
5. Go to stage s + 1.
End stage s.
End of Definition of v}, for j € 5;.
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It is easy to verify that CancelD;, CancelS; are monotonically nondecreasing
in s with respect to C. Let CancelD;° = lim;_,,, CancelD; and CancelS;” =
lim,_, CancelS;. Note that p(i,s) is monotonically nondecreasing in s. Let
p(i,00) = lim, o p(i, s). Note that h(i) < p(i,s) < h(i) + 1+ 2i < h(i +1).
Also, Ypiie0) = fi, and for all j € S; \ {p(i,00)}, ¥; is a non-total function.
Thus (a) is satisfied.

Consider any j < i. If j € CancelD;, then ProgSet(};, f;) contains a program
smaller than p(i,s) < p(i,00). If j ¢ CancelD;”, then ProgSet(M;, f;) does
not contain p(i,00). In either case M; does not MinDec Exy-identify 1, o) =
fi- Similarly, if j € CancelS;, then ProgSet(M;, f;) contains p(i,00). If j &
CancelS;°, then {{ < h(i+ 1)| | # p(i,00)} € ProgSet(M;, f;). In either case
M; does not Super,-identify 1, o) = fi- Thus (b) is satisfied.

To show that C € MinIncEzy, note that p(i,s) is a monotonically non-
decreasing function of s, which converges to the minimal ¢-program for f;.
Thus C € MinIncEzx,, and (c) is satisfied. O

Theorem 44. There is a numbering 1 such that

(1) Ry € MinSuper,, and |Ry| = oo
(2) for any S C Ry with |S| =00, S & MinAll, U MinDecEx,.

Proof. The proof of this theorem is similar to the proof of Theorem 43.
For i € IN, define f; as follows: f;(0) =i, and, for > 0, let f;(x) = 0.
Let C = {f;| i € IN}. Let h(0) = 0. Let h(i + 1) = h(4) + 2 + 1.

We will make sure that (a), (b) and (c¢) are satisfied.

(a) For each i, there exists a j € S; = {p| h(i) < p < h(i + 1)}, such that
)

(a. )(VJIJSJ < h(i+1))[¢y = fi] and (a.2) ( J’ h(i) <j" < j)y & R].
This will make Ry, = C.

b) For j < i, M; does not MinDecEx,;-identify or MinAll,-identify f;.
J Y P
(c) C € MinSuper.

This will prove the theorem.

Fix 7. We now define 9;, for j € .S;.

Definition of 1}, for j € .S;.

Let CancelA? = CancelD? = ).

Go to stage 0.

Begin stage s

1. Let p(i,s) = h(i) + 1 4 |CancelA]| + |CancelD;|.
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2. For all j' such that p(i,s) < j' < h(i+1), for all z < s, let Y;(z) = fi(z).
(Intuitively, we want to make p(i,00) as j in clause (a)).

3. Let CancelD;™" = CancelD; U {j < i| p(i,s) € ProgSet(M;, fi[s])}.

4. Let CancelA’™ = CancelA’ U {j < i| {Il < h(i+1)] I # p(i,s)} C

ProgSet(M;, f;)}.

5. Go to stage s+ 1.

End stage s.

End of Definition of 1;, for j € S;.

It is easy to verify that CancelD;, CancelA; are monotonically nondecreasing
in s with respect to C. Let CancelD;° = lim,_,, CancelD; and CancelA;® =
lim,_~, CancelA;. Note that p(7, s) is monotonically nondecreasing in s. Let
p(i,00) = lims_, p(i, ). Note that h(i) < p(i,s) < h(i) +2i+1 < h(i 4+ 1).
Also, for all j', such that p(i,00) < 5" < h(i+ 1), ¢ = f;, and for all j' such
that h(i) < j" < p(i,00), ¥ is a non-total function. Thus (a) is satisfied.

Consider any j < i. If j € CancelD;, then ProgSet(M;, f;) contains a program
smaller than p(i,s) < p(i,00). If j & CancelD;°, then ProgSet(};, f;) does
not contain p(i,00). In either case M; does not MinDec Ezy-identify 1, ) =
fi- Similarly, if 7 € CancelA], then ProgSet(M;, f;) contains p(i,00). If j ¢
CancelA7, then {I < h(i+1) | [ # p(i,00)} Z ProgSet(M;, f;). In either case
M; does not MinAlly-identify ;. o0y = fi- Thus (b) is satisfied.

To show that C € MinSuper,, note that p(i,s) is a monotonically non-
decreasing function of s, which converges to min(f;). Moreover, for all j’,
such that p(i,00) < j" < h(i + 1), ¥y = f;. Thus C € MinSuper,,, and hence
(c) is satisfied. O

Theorem 45. There is a numbering 1 such that

(1) Ry € MinDecEzx, and |Ry| = oo,
(2) for any S C Ry with |S| =00, S & MinIncE,.

Proof. The proof of this theorem is similar to the proof of Theorem 43, with
some minor changes.

For i € IN, define f; as follows: f;(0) =4, and, for x > 0, let f;(x) = 0.
Let C = {fi| i € IN}. Let h(0) = 0. Let h(i + 1) = h(i) + 20 + 1.
We will make sure that (a), (b) and (c) are satisfied.

(a) For each i, exactly one of the programs in S; = {p| h(i) <p < h(i +1)}
will compute f;. All the other programs in S; will compute non-total functions.
This will make Ry = C.

(b) For j < i, M; does not MinIncEx,-identify f;.
(c) C € MinDecFEwy,.
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This will prove the theorem.

Fix . We now define v;, for j € S;.

Definition of 1;, for j € S;.

Let Cancell! = ().

Go to stage 0.

Begin stage s

1. Let p(i,s) = h(i + 1) — |Cancell;|.

2. Forall x < s, let ¥4 (z) = fi(x).
(Intuitively, we want to make ¥y 00) = fi).

3. Let Cancell{"" = Cancell} U {j < i| p(i,s) € ProgSet(M;, fi[s])}.

4. Go to stage s + 1.

End stage s.

End of Definition of v;, for j € S;.

It is easy to verify that Cancell; is monotonically nondecreasing in s with
respect to C. Let Cancell® = lim,_,, Cancell;. Note that p(i, s) is monoton-
ically nonincreasing in s. Let p(i,00) = lim, . p(i, s). Note that h(i + 1) >
p(i,s) > h(i+ 1) —i > h(i). Also, Vpie0) = fi, and for all j € S; \ {p(i,00)},
1, is a non-total function. Thus (a) is satisfied.

Consider any j < i. If j € Cancell], then ProgSet(M;, f;) contains a program
> p(i,s) > p(i,00). If j ¢ Cancell;®, then ProgSet(;, f;) does not contain
p(i,00). In either case M; does not MinIncEx,-identify ¢, o) = fi. Thus (b)
is satisfied.

To show that C € MinDecEr,, note that p(i,s) is a monotonically non-
increasing function of s, which converges to miny(f;). Thus C € MinDecEx,,
and hence (c) is satisfied. O

Theorem 46. There is a numbering 1 such that

(1) Ry € MinAll, and |Ry| = oo,
(2) for any S C Ry with |S| =00, S & MinDecEry.

Proof. We will construct a numbering v, 1) € R?, such that

(a) ¢ is 1-1, and
(b) no infinite subset of Ry, is in MinDecFEx,.

This would prove the theorem, since for any 1-1 total numbering ¢, Ry €
MinSuper,, = MinAll,.

If there exists a o such that My(c) # 7, then let oy be the least such o;
otherwise, let o9 = A. For i > 0, if there exists a o O ;1 such that M;(o) # 7,
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then let o; be the least such o; otherwise, let o; = 0;_1. Note that o; can be
determined effectively in the limit. Let 77 be such that

(i) 7/ can be determined effectively from i and j,
(if) 7/ € 7y, and

(iti) lim; o0 7/ = 0.

Note that there exist such 77.

Let v; be defined as follows.

ilz) = {TZZ(JZ), if z < |7,

1, otherwise.

It is easy to verify that each ¥; € R, and 1;’s are pairwise different. Hence (a)
is satisfied. Note that for each i, for all but finitely many j, o; € 77. Thus, for
all 1,

(c) for all but finitely many j, o; C 1;,
(d) either M;(o;) #7, or (Vo 2 0;)[M;(o) =7].

It follows immediately that M; can MinDecEz -identify at most finitely
many ;. Thus (b) is satisfied. O

Theorem 47. There is a numbering 1 such that

(1) Ry € MinExy and |Ry| = oo,
(2) for any S C Ry with |S| =00, S € MinDecEzy, U MinIncEx,.

Proof. This is a somewhat more complicated modification of the proof of
Theorem 43.

For i € IN, define f; as follows: f;(0) =i, and, for > 0, let f;(x) = 0.

Let C = {f;| i € N}. Let h(0) = 0. Let h(i + 1) = h(s) + 2%+2 — 1.

We will make sure that (a), (b) and (c) are satisfied.

(a) For each i, exactly one of the programs in S; = {p| h(i) <p < h(i+ 1)}

will compute f;. All the other programs in S; will compute non-total functions.
This will make Ry, = C.

b) For j < ¢, M; does not MinDecFEx,-identify or MinIncEz,-identify f;.
J (4 (U
(c) C € MinExy.

This will prove the theorem.

Fix 7. We now define 9;, for j € .S;.
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Definition of 1;, for j € S;.
Let Cancell? = CancelD! = (.
1(3,0) = h(i) + 1. u(4,0) = h(i + 1).
Go to stage 0.
Begin stage s
1. Let p(i,s) = M
2. Forall z <s, let ¢p 4,5 () = fi(z).
(Intuitively, we want to make ¥ 00) = fi).
3. if there exists a j < i such that j ¢ CancelD] and p(i,s) €
ProgSet(M;, £[5)
then let [(i, s) = p(i,s)+1 and CancelD{™" = CancelD{U{j < i| p(i, s) €
ProgSet(M, f[5])}
4. elseif there exists a j < ¢ such that j ¢ Cancell; and p(i,s) €
ProgSet(M, 3]
then let u(i, s) = p(i,s) — 1 and Cancell{"! = Cancellf U {j < i| p(i, s) €
ProgSet(M,, f[s])}

endif
5. Go to stage s + 1.
End stage s.

End of Definition of v;, for j € S;.

It is easy to verify that CancelD;, Cancell; are monotonically nondecreasing
in s with respect to C. Let CancelD;>O = lim,_,o, CancelD; and Cancell;° =
lim,_, Cancell;. Also it is easy to verify that [ is monotonically nonde-
creasing and w is monotonically nonincreasing in s. Let u® = lim,_ o u;,
and [° = limg . (7. Let p(i,00) = lims_.op(i,s) = (I£° + u$®)/2. Note
that h(i) < If < p(i,s) < uf < h(i 4+ 1). Also, ¥p500) = fi, and for all
Jj € Si\ {p(i,00)}, ¥, is a non-total function. Thus (a) is satisfied.

Consider any j < i. If j € CancelD;, then ProgSet(};, f;) contains a program
< (i,8) < (i,00) < p(i,00). If j ¢ CancelD;°, then ProgSet(M;, f;) does not
contain p(7,00). In either case M; does not MinDecExy-identify 1 00) = fi-
Similarly, if j € Cancell;, then ProgSet(M;, f;) contains a program > (i, s) >
u(i,00) > p(i,00). If j & Cancell;”, then ProgSet(};, f;) does not contain
p(i,00). In either case M; does not MinIncExy-identify ¢, ) = fi. Thus (b)
is satisfied.

To show that C € MinEx,, note that p(i,s) converges to miny(f;). Thus
C € MinEz,, and hence (c) is satisfied. O

4.4 Characterizations

We now prove a characterization for all the considered types of function learn-
ing by erasing, when the hypothesis space may be chosen freely. It turns out
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that all these types coincide with Ez. In order to show this we need both
allowing non-Godel numberings as hypothesis spaces and a characterization
of Fx in terms of non-Godel numberings.

Theorem 48. For all Lt € {All, Super, Sub}, MinLt = Lt = Ex.

Proof. Let Lt € {All, Super, Sub}. We show MinLt C Lt C Fx C MinLt.
Min Lt C Lt: By Proposition 8.

Lt C Ex: Let C € Lt, by amachine M. Let M’ be a machine always outputting
the least 1-number which has not yet been erased by M. Clearly, C € Eu,
by M’.

Ex C MinLt: We need the following result from Wiehagen [32].

Lemma 1. C € Ez iff there is a numbering 1 such that

(1) C C Ry, and
(2) there is d € R? such that, for any i # j, ¥i[d(i, j)] # ;[d(i, §)].

Now, suppose C € Ez. Let 1, d be as given in the lemma. First note that
1 is 1-1. Hence 1) contains exactly one program for any function in C. Thus
showing that C € MinAll, suffices, since any machine witnessing C € MinAll,,
automatically witnesses both C € MinSuper, and C € MinSuby,. Let M be
defined such that ProgSet(M, f) = {j| (Fi # 5)[f[d(i,5)] = ¥:[d(i,7)]]}. Tt is
easy to verify that M MinAll-infers C. O

Note that the proof of Lemma 1 as given in Freivalds et al. [12] immediately
shows that R, € MinIncEz;. Hence we also have the following characteriza-
tion of MinIncFEx.

Theorem 49. MinIncEx = Ex.

Lemma 1 also gives a pure numbering-theoretic characterization for All,
Min All, Super, MinSuper, Sub, MinSub, IncEz, MinIncEzr via Theorems 48
and 49.

Finally, we exhibit an alternative characterization of MinIncEr, (and thus,
by Proposition 9, of MinSub, and Sub,) which holds for every numbering .

Theorem 50. For every numbering v, C € MinIncExy iff there is P € P
such that the following properties are satisfied.

(1) C CRy.
(2) For all f € C, P(miny(f))].
(3) For alli € IN, P(i)| implies (3a) and (3b):
(3a) For all x < P(i), ¥;(x)].
(3b) For all j <i with ; € C, ;[P(i)] # [ P(i)] .
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Proof. Necessity: Suppose C € MinIncEz, as witnessed by M. (1) must
clearly hold. Let P be defined as follows:

P(i) = min{z| (Vy < z)[¥i(y)l] A M(i[z]) = i}
It is easy to verify that (2) and (3) must hold.

Sufficiency: We use the fact that MinSuby, = MinIncEx, (Proposition 9).
Suppose (1) holds and P is such that (2) and (3) hold. Then consider a machine
M such that ProgSet(M, f) = {j| (Fi > 7)[P(i)l =n A fln] =;n]]}.

Note that such a machine M can easily be constructed. Using the properties
of P above it is easy to verify that M MinSub,-infers each function in C. O

5 Conclusions

Different models of learning by erasing are defined. The capabilities of learning
by erasing are investigated in relation to two factors: the choice of the overall
hypothesis space itself and what sets of hypotheses must or may be erased.
The power of the resulting learning types is related to one another as well
as to those of standard learning types. These learning capabilities are studied
for two fundamental kinds of objects to be learned, namely languages and
functions.

For language learning by erasing, it turns out that all but the FqualTzt learn-
ing model are sensitive with respect to the particular choice of the hypothesis
space, thus nicely contrasting learning in the limit and finite learning. More-
over, the learning power of the SubTxzt model is even very dependent on the
set of admissible hypothesis spaces.

A further interesting aspect is provided by Theorems 11 and 12. These results
show that the process of elimination cannot be restricted to incorrect hy-
potheses for achieving its full learning power. On the other hand, all models
of learning by erasing that are allowed to erase correct hypotheses, too, are as
powerful as learning in the limit provided the hypothesis space is appropriately
chosen (cf. Theorem 8). Consequently, in order to decide whether or not a par-
ticular indexed family can be LtTzt-learned, Lt € {Arb, Super, All}, one can
apply any of the known criteria for EzTzt-inferability (cf., e.g., Angluin [1],
Sato and Umayahara [29]).

These differences almost vanish if absolute learning is considered. Now, we

have a somehow opposite effect. Erasing all but one guess turns out to be
most restrictive with respect to the resulting learning capabilities.
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The phenomena described above find their natural explanation in our char-
acterization theorems. All models ALtTxt of absolute learning by erasing are
constrained by the structural properties of the indexed families to be learned,
i.e., they must be inclusion-free for Lt € {Arb, Sub, Equal, Super, All}, and
in case of AAllTxt, additionally, all hypothesis spaces must be equivalent with
respect to reducibility, i.e., they must have a recursive equality problem.

Moreover, in Section 3.4 we study the problem whether or not information
presentation may be traded versus learnability. The results obtained put the
strength of AAllInf-learning into the right perspective as displayed in Fig-
ure 1. However, it remains open whether or not AAllInf C EzxTxt can be
strengthened to AAllInf C CConsvTzt.

For function learning by erasing, we study three types of hypothesis spaces,
Godel numberings, Kolmogorov numberings and non-Godel numberings. For
Godel numberings the same effect as in language learning by erasing can be
observed, namely that erasing cannot be restricted to incorrect hypotheses
in order to achieve full learning power (cf. Proposition 12). Since in Godel
numberings the other types of function learning by erasing yield the same
power as Ez, the type of standard learning in the limit, (cf. Proposition 11),
we turn over to investigate learning minimal programs.

For learning minimal programs by erasing, there are significant differences be-
tween arbitrary Godel numberings and Kolmogorov numberings as hypothesis
spaces. Whereas for all minimal learning criteria considered, any “reasonable”
coincidence/inclusion between these criteria does hold in some Goédel number-
ing, as shown in Theorems 41 and 42, all these criteria (except for MinAll
versus MinSuper) are separated in every Kolmogorov numbering (cf. Theo-
rem 24). At present, MinAll, C MinSuper, is proved only for some Kol-
mogorov numbering ). However, we conjecture that this separation is true for
every Kolmogorov numbering. In order to achieve these results for Kolmogorov
numberings some techniques are demonstrated which prove to be useful just
in Kolmogorov numberings.

Non-Godel numberings are used for both providing the necessary means to
prove Theorem 42 and characterizing the types of learning by erasing. All
the types of function learning by erasing considered coincide with Ez if also
non-Godel numberings are allowed as hypothesis spaces (cf. Theorem 48).
Thus, the corresponding numbering-theoretic characterization of Fz given by
Lemma 1 yields a “unique kind” of (non-Godel) hypothesis spaces in which
exactly every class from Fx can be learned in all of our erasing models. Fur-
thermore, as in Theorems 5 and 6 for characterizing language learning by
erasing, a characterization for MinIncEx,, MinSuby and Suby (these types
coincide by Proposition 9) is derived which holds for every numbering ),
thereby exhibiting the first characterization of such type in function learning
at all (cf. Theorem 50).
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Finally, we want to point out a further possible line of research. In our opinion,
it may also be interesting to investigate the complexity of learning by erasing.
This includes the comparison of the complexity of both the different models of
learning by erasing as well as of learning by erasing with standard learning. As
a result of the first type we have the following comparison of the complexity
of hypothesis spaces for language learning by erasing in the sense of AllTxt
and ArbTxt, respectively. There is an infinite indexed family £ such that

(1) for every ¢ € R, such that £ € AllTuat,, all but one language from £
must have infinitely many 1-numbers,
there exists ¥ € such that £ € Arb1zt, and every language from
2) th i R§, such that £ € ArbTuat, and 1 f L
has exactly one 1-number.

This can be easily verified using the indexed family £ defined in the proof of
Theorem 11, Claim B, thus Property (2) follows. Property (1) is an immediate
consequence of Theorem 13 in Freivalds and Zeugmann [13]. Hence in the sense
of AllTxt this family £ can be learned only with respect to hypothesis spaces
possessing infinite “redundancy”, whereas in the sense of ArbTzt it can be
learned without redundancy.
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