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Abstract

Uniform Inductive Inference is concerned with the existence and the
learning behaviour of strategies identifying infinitely many classes of recur-
sive functions. The success of such strategies depends on the hypothesis
spaces they use, as well as on the chosen identification criteria resulting
from additional demands in the basic learning model. These identification
criteria correspond to different hierarchies of learning power — depending
on the choice of hypothesis spaces. In most cases finite classes of recursive
functions are sufficient to expose an increase in the learning power given
by the uniform learning models corresponding to a pair of identification
criteria.
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1 Introduction

The scope of Inductive Inference is concerned with theoretical models simulating
learning processes. Such models do not only include a learner and a set of objects
to be identified, but also a “hypothesis space” which allows us to associate an
object with the output of the learner, i.e. the answers (hypotheses) of the learner
are interpreted as “names” of certain objects. A model of quite simple mathe-
matical description is for example identification of classes of recursive functions.
This concept in general includes three main components:

e a partial-recursive function S — also called strategy — simulating the learner,
e a class U of total recursive functions which have to be identified by S,

e a partial-recursive numbering 1) — called hypothesis space — which enumer-
ates at least all functions in U.

In each step of the identification process S is presented a finite subgraph of
some unknown arbitrary function f contained in U; the strategy S returns a
hypothesis which is interpreted as an index of a function in the given numbering
1. It is the learner’s job to eventually return a single correct hypothesis, i.e. the
sequence of outputs ought to converge to a y-number of f. This model — called
identification in the limit — has first been analysed by Gold in [Go67] and gave rise
to the investigation and comparison of several new learning models (“inference
criteria”) basing on that principle. The common idea was to restrict the definition
of identifiability by means of additional — and in some way natural — demands
concerning the properties of the hypotheses. The corresponding models have
been compared with respect to the resulting identification power; for some more
background the reader is referred to [Ba74al, [CS83], [FKW95], [Fu88|, [JB81]
and [Wie78]. Some definitions and results in this context will be summarized in
Section 2.

This paper studies Inductive Inference models on a meta-level. Considering
collections of infinitely many classes U of recursive functions we are looking for
meta-learners synthesizing an appropriate strategy for each class U to be learned.
For that purpose we agree on a method to describe a class U, because for the
synthesis of a learner our meta-strategy should be given some description of
U. That means we do not only try to solve a learning problem by an expert
learner but to design a higher-level learner which constructs a method for solving
a learning problem from a given description. Thus the meta-learner is able to
simulate all the expert learners.

Uniform identification of classes of total recursive functions has already been
studied by Jantke in [Ja79]. Unfortunately, his results are rather negative; he
proves that there is no strategy which — given any description of an arbitrary
class U consisting of just a single recursive function — synthesizes a learner which



identifies U with respect to a fixed hypothesis space. Even if we allow different
hypothesis spaces for the different classes of recursive functions, no meta-learner
is successful for all descriptions of finite classes (cf. [Zi00]). Since in the non-
uniform case finite classes can be identified easily with respect to any common
inference criterion, these results might suggest that the model of uniform learn-
ing yields a concept the investigation of which is not worthwile. As we will see,
the results in this paper allow a more optimistic point of view. Of course it is
quite natural to consider the same inference criteria known from the non-uniform
model also in our meta-level. The aim of this paper is to investigate whether the
comparison of these criteria concerning the resulting identification power yields
hierarchies analogous to those approved in the classical context. In most cases
we will see, that the classical separation results can be transferred to uniform
learning. And we can prove even more. If we consider uniform learning with
respect to fixed hypothesis spaces, all separations of inference criteria can be
achieved by collections of finite classes of recursive functions; interestingly some
results seem to indicate that even classes consisting of just one function are of-
ten sufficient for these separations in the context of uniform learning with fixed
hypothesis spaces. The resulting hierarchies correspond to the non-uniform case.
If we drop the restrictions concerning the hypothesis spaces, we obtain slightly
different results, although many of the criteria can still be separated by finite
classes. Here classes consisting of just one recursive function are not suitable for
the corresponding proofs, but many separations are witnessed by classes of no
more than two functions. So whereas finite classes are very simple regarding their
identifiability in the classical model of Inductive Inference, they are in most cases
sufficient for the separation of inference criteria in uniform learning. Further-
more we conclude that the hierarchies obtained are very much influenced by the
choice of the hypothesis spaces. Now, since the hierarchies of inference criteria
do not collapse in our meta-level — even by restricting ourselves to the choice of
very simple identification problems — we conclude that the concept of uniform
learning is neither trivial nor fruitless. Furthermore this paper corroborates the
interpretation that our different inference criteria possess some really substantial
specific properties, which yield separations of such a strong nature that they still
hold for uniform learning of finite classes.

In [Zi00] the reader may also find positive results encouraging further research.
It is shown that the choice of descriptions for the classes U has more influence on
the uniform identifiability than the classes themselves, i.e. many meta-strategies
fail because of a bad description of the learning problem rather than because of
the complexity of the problem. So it might be interesting to find out what kinds
of descriptions are suitable for uniform learnability and whether they can be
characterized by any specific properties. This question also arises in the context
of separating identification criteria in uniform learning. Perhaps there are certain
characteristic features of the description sets witnessing our separation results.
Though this paper does not provide a solution to that problem, it gives many

4



examples of appropriate description sets, which may be helpful on the way to an
answer.

Further research on uniform identification has also been made in the context
of language learning, see for example [KB92], [OSWS88] and [BCJ96]. Because
of its numerous positive results, in particular the work of Baliga, Case and Jain
[BCJ96] motivates the investigation of meta-strategies. In [OSW88] Osherson,
Stob and Weinstein especially consider several techniques of describing classes of
objects to be learned and thus also prove that the way the learning problems are
described influences their uniform identifiability.

My special thanks are due to Jochen Nessel and Martin Memmel for fruitful
discussions during my work on this paper, as well as to Prof. Rolf Wiehagen for
his advice and motivating support.



2 Preliminaries

We will first agree on some notations used in this paper. The second subsection
is then concerned with a short introduction into Inductive Inference. Several
inference criteria are introduced and compared with respect to their learning
power.

2.1 Notation

Recursion theoretic terms used here without explicit definition can be found in
[Ro87].

By N we denote the set of all nonnegative integers, N* is the set of all finite
tuples over N; the variable n always ranges over N. For fixed n, the notion
N" is used for the set of all n-tuples of integers. By implicit use of a bijective
computable function cod : N* — N we will identify any @ € N* with its coding
cod(ar) € N. If @ € N* is any finite tuple, we use |a| to refer to its length,
i.e. |a| = n for each & € N*, n € N. For each n € N we define the value 7 by

_ {o if n >0
n:=
1 ifn=0
A statement is quantified with V*°n in order to indicate that the statement is
fulfilled for all but finitely many n; quantifiers V and 4 are used in the common
way.

For any set X the expression card X denotes the cardinality of X, where
card X = oo indicates that X is an infinite set; pX denotes the set of all subsets
of X. The notion X* is used by analogy with N*. X* denotes the set of all
non-empty finite tuples over X. As a symbol for set inclusion we use C, proper
inclusion is indicated by C. Incomparability of sets is expressed by #.

The set of all partial-recursive functions is denoted by P, the set of total
recursive functions by R. If we want to refer to functions of a fixed number n
of input variables, we sometimes add the superscript n to these symbols. Ry
denotes the set of all recursive functions, the range of which is contained in
{0,1}. For any f € P and any =z € N we write f(x)], if f is defined on input
x; f(z)7 otherwise. If f € P and n are given such that f(0)[,..., f(n)] we set
fln] == cod(f(0),..., f(n)), i.e. f[n] corresponds to the initial segment of length
n+ 1 of f. We often compare f,g € P and write f =, g, if

{(z, f(@)) [ © <n, f(2)]} = {(2,9(x)) [ 2 <n, g(z)]} ;

otherwise f #, g. If the functions f and g differ only for finitely many arguments,
that means if

v ([f ()T Ag(n)T] or [f(n)L Ag(n)L Af(n) = g(n)]] ,
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we write f =* g. By the notion f C g we indicate that

{(z, f(x)) [z €N, f(x)l} € {(x,9(2)) |z €N, g(x)l}

and use proper inclusion by analogy. But f € P may also be identified with the
sequence (f(n))nen, so we sometimes write f = 0"17° for the function defined
for x € N by

0 ifx<n
flz)=<1 ifz=n
T ifz>n

and the like. We often identify a tuple o € N* with the function o] implicitly.
Thus we may for example write a C f for some function f € P, if aT>*C f,
that means if a = (f(0),..., f(Ja| — 1)); furthermore we may denote the i-th
component (i € N, i < |a|) of a by (i). So a = («(0),...,a(Ja|—1)). By rng(f)
we refer to the range {f(x) | x € N, f(z)]} of a function f € P. Analogously —
for every av € N* — we use rng(«) to refer to rng(al®>) = {a(0),...,a(ja| — 1)}.

A function ¢ € P™ is used as a numbering for the set Py := {1 | i € N},
where ¥;(x) := ¢(i,x) for all i € N, 2 € N" as usual. i is called ¢-number of
the function ;. In order to refer to the set of all total functions in P, we use
the notion Ry, i.e. Ry = Py N'R. Ry is called the recursive core or “R-core”
of Py. If ¢ € P2 every b € N corresponds to a numbering ¢° € P" if we
define ¢*(i,x) := ¢(b,i,z) for all i € N, x € N". Again i is a ¢>-number for the
function % defined in the common way.

Any acceptable numbering ¢ corresponds to a Blum complexity measure ®,
as can be found in [Bl67]. Intuitively, ®;(z) returns the number of steps needed
for the computation of ;(x) whenever p;(z)]; if ¢;(z)T, then also ®;(x)7. If
i,z,n € N, we use the notation ¢;(z)|<, instead of ®;(x) < n and ¢;(z)T<,
instead of [®;(x)] or ®;(x) > n).

2.2 Inductive Inference Criteria

Now we introduce our basic Inductive Inference criterion called identification in
the limit, which was first defined in [Go67]. It may be regarded as a fundamental
learning model from which we define further restrictive inference criteria.

Definition 1 Let U C R, v € P2 The class U is called identifiable in the limit
with respect to the hypothesis space Y if and only if there is a function S € P
(called strategy) such that for any f € U the following conditions are fulfilled:

1. S(f[n]) is defined for alln € N (S(f[n]) is called hypothesis on f[n]),

2. there is some j € N such that ¢; = f and S(f[n]) = j for all but finitely
many n € N.



We also write: U € EXy(S).
EXy :={U | U is identifiable in the limit with respect to ¢ }.
EX = Uyyepe BXy.

On any function f € U the strategy S must generate a sequence of hypotheses
converging to a ¥-number of f. But a user reading the hypotheses generated by
S up to a certain time will never know whether the actual hypothesis is correct or
not, because he cannot decide whether the time of convergence is already reached.
If there was a bound on the number of mind changes, he could at least rely on
the actual hypothesis whenever the bound is reached. Learning with such bounds
has first been studied in [CS83].

Definition 2 Assume U C R, ¢ € P? and m € N. U s called identifiable (in
the limit) with no more than m mind changes with respect to 1, if and only if
there exists a function S € P satisfying

1. U € EXy(S) (where S is additionally permitted to return the sign “?”),

2. for all f € U there is an ny € N satisfying

S(flx]) =71,
S

o Vx <ny | )=
o Vo >mny [S(fz]) €N,

f
f

3. card {n e N | 7# S(f[n]) #S(fin+1])} <m forall f € U.
We also write: U € (EXp,)y(S).

(EX,)y = A{U | U is identifiable in the limit with no more than
m mind changes with respect to 1}.

EXo = Uyepe (EXon) g

A class U C R s identifiable with a bounded number of mind changes if and only
if there exists a number m € N such that U € EX,,.

The output “?” allows our strategy to indicate that its hypothesis is left
open for the actual time being, in order not to waste a mind change in the
beginning of the learning process. In [CS83] the reader may find a proof of
EX,, C EX,,;1 C EX for all m € N.

Instead of restricting our learning model by bounding the number of mind
changes we might also try to mitigate the constraints in the definition of iden-
tification in the limit — for example by foregoing the demand for convergence of
the sequence of hypotheses. Behaviourally correct identification — as defined in
[BaT4a] — allows the learner to switch several correct hypotheses infinitely often.



Definition 3 Let U C R, o € P2 U is called behaviourally correctly identifiable
(BC-identifiable) with respect to ¢ if and only if there exists an S € P, such that
for all f € U the following conditions are fulfilled:

1. S(f[n]) is defined for all n € N,
2. s(smy) = [ for all but finitely many n € N.
We also write U € BCy(S) and define BCy and BC' as usual.

Although BC contains some classes of functions not learnable under the EX-
criterion (see [Ba74a]), a further increase of learning power can be achieved by
allowing “slightly incorrect” hypotheses. BC-identification with anomalies has
been studied in [CS83].

Definition 4 Let U C R, v € P2. U is called BC-identifiable with respect to 1
with finitely many anomalies if and only if there exists an S € P, such that for
all f € U the following conditions are fulfilled:

1. S(f[n]) is defined for all n € N,
2. Ysmy) =" [ for all but finitely many n € N.

We also write U € BC},(S) and use the notations BCY, and BC™ by analogy with
the previous definitions.

In [CS83] Case and Smith verify BC € BC* = gR, where the proof of BC* =
©R is based on a private communication to Leo Harrington (1978).

In Definition 2 the criterion EX has been changed by strengthening the de-
mands concerning the convergence of the sequence of hypotheses. It is also a
quite natural thought to strengthen the demands concerning the intermediate
hypotheses themselves. A successful learning behaviour might be to generate
intermediate hypotheses agreeing with the information received up to the actual
time of the learning process (“consistent” hypotheses, cf. [Go67] and [Ba74b]).

Definition 5 Assume U C R, € P?. U is called identifiable consistently with
respect to v if and only if there exists an S € P satisfying

1. U € EX¢(S),

2. Yssm)) =n f for all f € U and n € N (we say that S(f[n]) is a consistent
hypothesis for fn] with respect to ).

We also write: U € CONS,(S).

CONS,, :={U | U is identifiable consistently with respect to 1}.
CONS :=Jep: CONSy.



A very natural example of learning with consistent intermediate hypotheses is
“identification by enumeration” — a method introduced by Gold in [Go67]. The
idea is to search within the hypothesis space for the first hypothesis agreeing with
the information received so far — that means, the learner looks for the minimal
consistent index in the given numbering. In general consistency is not decidable,
so this method does not work for arbitrary hypothesis spaces. It is typically used,
if the given numbering v is recursive itself, because in this case consistency with
respect to 1) can be checked and the sequence of hypotheses will converge to the
minimal Y-number of the function to be learned (if this function has got any
Y-number).

Definition 6 Let ¢ € P?. A class U C R of recursive functions is identifiable
by enumeration, if and only if U € CONS,(Enumy), where the partial-recursive
function Enumy, is defined by

minX if X :={ieN|y;,=, f} #0 and
Bnumy(fln]) = Vj < min X [45(0)] A A ts(n)l]

T otherwise

for all f € R and n € N.

Note that Ry € CONSy(Enumy), if ¢ € R2.

In order to be less demanding than in Definition 5, one could also ask for
hypotheses which do not disagree convergently (i.e. in their defined values) with
the actual information (“conform” hypotheses, see [Wie78] and [Fu88]).

Definition 7 Assume U C R, o € P2. U is called conformly identifiable with
respect to ¢ if and only if there exists an S € P satisfying

1. U € EXd,(S),

2.Vf e UVn € NVe < n [Ygim)(z) = f(x) or Ysim(®)1] (we say that
S(f[n]) is a conform hypothesis for fn] with respect to ).

We also write U € CONFy(S) and use the notions CONF,, and CONF by analogy
with our former definitions.

Obviously consistent identification is a special case of conform identification.
The proper inclusions CONS € CONF C EX are verified in [Wie78].

Since any hypothesis representing a function not contained in R must be
wrong, another natural demand would be to allow only ¢-numbers of total re-
cursive functions (“total” hypotheses, cf. [JB81]) as outputs of S.

Definition 8 Assume U C R, 1 € P2. U is called identifiable with respect to v
with total intermediate hypotheses if and only if there exists an S € P satisfying
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1. U e EX¢(S),
2. Ysism)) € R forall f € U and n € N.

We also write: U € TOTAL(S).
TOTALy, and TOTAL are defined by analogy with Definition 5.

A tightening of this idea is to forbid all hypotheses corresponding to a function
not contained in the class to be learned. Such hypotheses must also be wrong for
the relevant target functions, so we might wish to exclude them. The remaining
hypotheses are called “class-preserving” hypotheses, because they all correspond
to functions in the class to be learned.

Definition 9 Assume U C R, ¢ € P2 U is called identifiable with class-
preserving intermediate hypotheses with respect to 1 if and only if there exists an

S € P satisfying
1. U € EXy(S),
2. Ps(fm)) €U forall f € U and n € N,
We also write U € CPy(S) and define CP, and CP as usual.

For a proof of CP € TOTAL C CONS see [JB81]. Now let m > 1 be an
arbitrary positive integer. In [Z199] the reader may find a proof for EX,,, # CONF
and EX,, # CONS. Thus EX,, Z TOTAL and EX,, Z CP. A class in CP\ EX,,
can also be found easily: the set of all recursive functions of finite support can be
identified by enumeration with class-preserving intermediate hypotheses. This set
is not an element of EX,,, as can be verified easily (see for example [CS83]). This
implies EX,,, # TOTAL and EX,,, # CP. EXy C CP then follows by definition
(the output “?” may be replaced by any fixed class-preserving hypothesis).

Since in general the halting problem in 1 is not decidable, it might be hard
for our strategy to detect the incorrectness of a hypothesis, if the corresponding
function differs from the function to be learned only by being undefined for some
arguments. For learning with “convergently incorrect” hypotheses (cf. [FKW95])
such outputs are forbidden.

Definition 10 Assume U C R, ¢ € P2 U is called identifiable with respect to
¥ with convergently incorrect intermediate hypotheses if and only if there exists
an S € P satisfying

1. U € EXd,(S),
2. sy € f forall f €U andn € N.

We also write: U € CEX,(S5).
CEXy and CEX are defined by analogy with Definition 5.
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Note that for every recursive numbering 1) € R? the class R, is identifiable
according to the inference criteria CP, TOTAL and CEX, for example by the
strategy Enum,.

Freivalds, Kinber and Wiehagen have proved EX; ¢ CEX C EX as well
as CEX # CONS in [FKW95]. Since CP ¢ EX,, € CEX (for m > 1) and
CP C CEX, we know CEX # EX,, for all m > 1. By definition TOTAL is a
subset of CEX. That this inclusion is proper, follows from TOTAL C CONS
and CEX # CONS. With similar methods as in [FKW95] we can also verify
CEX # CONF.

Theorem 1 CEX # CONF.

Proof. As CONS # CEX and CONS is a subclass of CONF, we already know
that CONF is not contained in CEX. It remains to prove CEX\ CONF # (). For
that purpose we use the class U of recursive functions defined in [FKW95] in the
proof of CEX\ CONS ## (. Let 7 € P? be a fixed acceptable numbering. Uy C R
and U; C R are defined as follows:

Uy = {jp|ljeNandpe Ry and 7; = jp},
Ui = {ja120% | j € Nanda € {0,1}* and r(al +1) =0 (£ 1)} .

If ja120* € Uy, then 7; € ja120°°, so j is a convergently incorrect hypothesis
for ja120* with respect to 7.

Now let U := Uy U U;. Similar ideas as in [FKW95] are used to verify
U € CEX \ CONF.

Proof of ‘U € CEX”. On any function f our strategy first returns the value
f(0). This hypothesis is maintained, until the value 2 is found in the following
input. Thus all functions in U, are identified with respect to 7. As soon as the
value 2 is found, the strategy returns a 7-number of the function a0>, where
a € N* is the initial segment of f read so far (ending with the value 2). This
strategy also CEX-identifies the functions f in U; with respect to 7, because f(0)
is convergently incorrect for f in this case. So U € CEX,.

Proof of “U ¢ CONF”. Suppose by way of contradiction that U € CONF. With-
out loss of generality this yields the existence of a strategy S € P such that
U € CONF,(S). We will now deduce a contradiction by proving that there is a
function f € U which is not learned conformly by S. For that purpose we define
a function g = 7; by implicit use of the recursion theorem in the following way:

Construction of g = ;.

The function g is defined in stages k, k € N. Let ng := 0, ¢(0) := j and go
to stage 0.
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Stage 0. We set g(2) := 0. The value g(1) is defined as follows:

if S(7)L A SGO)L A SEL A S(0) #5())
if S(7)L A SGO)L A SEDL AS(0) =53) A S #53)
if S()L A SGO)L A SGDL A S(0) = S31) = S0)

otherwise

g(1) ==

— = = O

If g(1) is undefined, all further values of g (except g(2)) shall also be undefined.

If g(1) is defined and [S(j0) # S(j) or S(j1) # S(j)], then let ny := 2 (the
maximal argument for which g has been defined up to now) and go to stage 1.

If g(1) is defined and S(j0) = S(j1) = S(j), then test by parallel computa-
tion, whether one of the following two properties are fulfilled, and — if yes — which
one is fulfilled first:

(1).  Ts()(1) is defined.
(i1). There is an integer y € N such that S(g[2]0Y) is defined and
S(g[2]0v) # 5().

With each testing step y define g(y + 2) := 0.

If property (i) is fulfilled first, then let g(x + 2) be undefined for all x greater
than the actual testing step number y.

If property (ii) is fulfilled first (for some fixed y € N), then we have already
defined g(x) = 0 for all x € {3,...,y + 2}. Furthermore, let n; := y + 2 (the
maximal argument for which g has been defined up to now) and go to stage 1.

If neither property (i) nor property (i) is fulfilled, we obtain g = ¢g[2]0*.

End stage 0.

Stage k for k € N. We set g(ny +2) := 0. The value g(ng + 1) is defined as
follows:

OlfS([])l S(glnklO)L A S(g[na]1)]
S(g[ne]0) # S(glne])
11f5([])l S(glnklO)L A S(glne]1)]
g(ne +1) == S(gln]0) = S(glne]) A S(gln]l) # S(glnel)
11f5([] A S(g[ne]0)L A S(glni]1)]
S(g[ne]0) = S(g[ne]1) = S(gns])
\T otherwise

If g(ng + 1) is undefined, all further values of g (except g(ny + 2)) shall also
be undefined.

If g(ni + 1) s defined and [S(glniJ0) # S(glma)) or S(glml1) # S(glnal)]
then let nyy1 := ng + 2 (the maximal argument for which g has been defined up
to now) and go to stage k + 1.
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If g(ng + 1) is defined and S(g[ng]0) = S(g[nkg]l) = S(g[nk]), then test by
parallel computation, whether one of the following two properties are fulfilled,
and — if yes — which one is fulfilled first:

(i). Ts(g[nk])(nk + 1) is defined.
(i1). There is an integer y € N such that S(g[ny + 2]0Y) is defined and
S(glnw +210%) # S(gln])-

With each testing step y define g(ng +y + 2) := 0.

If property (i) is fulfilled first, then let g(ny + 2 + x) be undefined for all
greater than the actual testing step number y.

If property (i) is fulfilled first (for some fixed y € N), then we have already
defined g(z) = 0 for all z € {ny + 3,...,n +y + 2}. Furthermore, let ng, :=
ng + y + 2 (the maximal argument for which g has been defined up to now) and
go to stage k + 1.

If neither property (i) nor property (ii) is fulfilled, we have g = g[ny + 2]0>.

End stage k.
End construction g.

Now consider two cases.

Case (i). All stages k (k € N) are reached in the definition of g.

Then g = jp for some p € Rg1, so g € Uy. But by construction S changes
its mind on ¢ infinitely often, so S cannot identify ¢ in the limit. Hence U ¢
CONF.(9); a contradiction to our assumption.

Case (i1). Stage k (for some fixed k € N) is the last stage reached in the con-

struction of g.
Then we will either show that {g} ¢ CONF.(S), where g € U, or we can
prove the existence of some y € {0,1} such that the function f € R, defined by

(

g(x) if x <ny

Y ife=n,+1
flz)y=«1 if o =ny+2

2 ifx=n,+3

0 if x>n,+3

\

cannot be identified conformly with respect to 7 by our strategy S. Note that
f € Uy for any y € {0,1}, because then f = ja120* for some o € {0,1}* and
7;(lo| + 1) = g(Jo| + 1) = g(nx, +2) = 0. For the choice of y we regard two
possibilities.

Case (ii)a. S(g[ng])T or S(g[nk]0)T or S(g[nk|1)T.
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As fng] = g[ng], we obtain S(f[ng])T or S(f[ngly’)T for some 3 € {0,1}.
In the first case let y := 0, in the latter case y := y'. Thus our strategy S is
undefined on some initial segment of the function f € U; as defined above. We
obtain U ¢ CONF,(S), which is again a contradiction.

Case (i1)b. S(gln))| and 7s(giu) (e + 1)1 and S(gln) = S(glel0) = S(glmm).

With f[ng] = glns] we obtain S(f[ng])] and s, (ne + 1)| and S(f[nk]) =
S(flnk]0) = S(flne]1). As Ts(sm,)) (e + 1) |, the hypothesis S(f[ny]) cannot
be conform for both f[ng]0 and f[ng]l. Then choose y € {0,1}, such that
S(flnkly) (= S(f[nk])) is not conform for f[n,|y and define f as described above.
Since f € Uy, this yields the contradiction U ¢ CONF_(S).

Case (ii)c. S(g[nk]) ] and S(g[nk]) = S(g[nk]0) = S(g[nk]l), but none of the

properties tested by parallel computation in the construction of g is fulfilled.
Then g = g[ng + 2]0° € Uy and 7g(gpm,)(ne + 1) T and S(g[n]) = S(g[nk))

for all n > ng. Ty, (e + 1)1 implies Tg(gp,]) 7# ¢; therefore the sequence of

hypotheses produced by S on g converges to an index incorrect for g with respect
to 7. Again we obtain U ¢ CONF.(S).

By construction of g further cases cannot occur, so U ¢ CONF. Now we have
verified CEX \ CONF # (), which implies CEX # CONF. 0J

As we have already mentioned above, for the inference criteria introduced in
this section the following comparison results have been proved:

Theorem 2 [Ba7ja, CS83, FKW95, JB81, Wie78, Zi99]
1. EXC BCC BC" = gR,

Vm e N [EX,, C EX,,41 C EX],

EXy Cc CPC TOTAL Cc CONS c CONF C EX,

TOTAL C CEX C EX,

CEX # CONF and CEX # CONS,

S v e

if I € {CP, TOTAL, CONS, CONF, CEX} and m > 1, then EX,, # I.

These results are also summarized in Figure 1. The aim of this paper is to
compare these hierarchies of inference criteria to the corresponding hierarchies
resulting in uniform learning according to the same inference criteria. The defi-
nition of uniform learning is given in Section 3; Sections 4 and 5 are concerned
with the comparison of inference criteria in uniform learning.
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From now on let Z denote the set of all previously declared inference criteria,
ie.

T = {EX, BC,BC*, CP, TOTAL, CEX, CONS, CONF} U {EX,, | m € N} .

BC*
BC
EX
CONF
CEX
CONS
EX,
TOTAL
EX,
/////CP
EX,

Figure 1: The hierarchy of inference criteria according to Theorem 2. Any line
drawn upwards indicates a proper inclusion. If two classes I € T are not connected
by a line or a sequence of lines drawn upwards, they are incomparable.
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3 Uniform Learning

The scope of this section is to give a formal introduction into uniform learning
of classes of recursive functions. We will start with the basic definitions and
afterwards collect some simple but useful results.

3.1 Definitions

From now on let ¢ € P? be a fixed acceptable numbering of P? and 7 € P?
an acceptable numbering of P'. As ¢ is acceptable, it might be regarded as a
numbering of all numberings ¢ € P?: every b € N corresponds to the function ¢
which is defined by ©°(i,x) := (b,4,z) for any 4,2 € N. Thus b also describes
a class Ry of recursive functions, where Ry, := R = Pp NR; ie. Ry is the
recursive core of Pu. Therefore any set B C N will be called description set
for the collection {R;, | b € B} of recursive cores corresponding to the indices
in B. Considering each recursive core as a set of functions to be identified, any
description set B C N may be associated to a collection of learning problems.
Now we are looking for a meta-learner which — given any description b € B —
develops a special learner coping with the learning problem described by b, i.e. the
special learner must identify each function in R,.

Definition 11 Let J C R, I € Z, J C I, B C N. The set B is called suit-
able for uniform learning with respect to J and I iff the following conditions are

fulfilled:
1. Ry € J forallb e B,

2. there is a function S € P? such that for all b € B there is a numbering
Y € P? satisfying Ry, € Ty(Mz.S(b, 1)).

We abbreviate this formulation by B € suit(J,I) and write B € suit(J,I)(S), if
S is given.

So B € suit(J, I) if and only if every recursive core described by some index
b € B belongs to the class J and additionally there is a strategy S € P? which,
given b € B, synthesizes an [-learner successful for R, with respect to some
appropriate hypothesis space 1. Note that the synthesis of these appropriate
hypothesis spaces is not required. This means in particular, that in general the
output of a meta-learner cannot be interpreted practically, because we might not
know which numbering is actually used as a hypothesis space. Of course we
might restrict our definition of suitable description sets by demanding uniform
learnability with respect to the acceptable numbering 7 for all classes R;. Another
possibility is to use the numberings ¢, b € B, already given by the description
set B as hypothesis spaces for I-identification of the classes Rj.
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Definition 12 Let J C R, I € Z, J C I, B C N, S € P2 Assume
B € suit(J,I)(S). We write B € suit.(J,1)(S) if Ry € L;(A\z.S(b,x)) for
all b € B. Furthermore the notation B € suit,(J,I)(S) shall indicate that
Ry € 1p(Ax.S(b,x)) for all b € B. We also use the notations suit.(J,I) and
suit,(J, 1) in the usual way.

Note that the definition of suit,, corresponds to a special case of the definition
of suit,, because ¢ -numbers can be translated into 7-numbers uniformly in b, as
Proposition 1 states.

Proposition 1 There exists a recursive function ¢ € R, such that ¢! = Te(by) for

all b, € N.

Proof. Let p : N> — N be a bijective recursive function and choose 7,7 € R,
such that m(p(z,y)) = = and m(p(x,y)) = y for all z,y € N. Then define a
function ¢ € P? by

bj(x) := o(m(j), m2(j), z) for all j,z € N.
As 1) € P? and 7 is acceptable, there exists some d € R satisfying
Yy = T1q(j) for all j € N .
By defining ¢(b, i) := d(p(b,7)) for all b,i € N we obtain

m1(p(b5%))
( )

b
Te(bsi) = Td(p(b)) = Vp(bi) = Pry(p(bi)) = P4

for all b,7 € N. O

As many results in this paper are concerned with the uniform learnability of
finite or singleton sets, we introduce the following notions:

Definition 13
o J* ={UCTR|card U < o0},
e J'={UCR|cardU =1} ={{f}| f € R}.

Thus J* denotes the set of all finite subsets of R; J* is the set of all singleton
sets of recursive functions.
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3.2 Basic Results

Of course it would be nice to find characterizations of the sets suitable for uniform
learning with respect to J, I, where [ € Z and J C [ are given. This paper com-
pares the uniform identification power of several criteria [ € 7 and concentrates
on the case J = J*, i.e. all recursive cores to be identified with respect to I are
finite. Our first result follows obviously from our definitions and Proposition 1.

Proposition 2 Let I € Z, J C I. Then suit,(J,I) C suit-(J, 1) C suit(J, ).

Whether these inclusions are proper inclusions or not depends on the choice
of J and I. If they turned out to be equalities for all J and I, then Definition
12 would be superfluous. But in fact, as Theorem 6 will show, we have proper
inclusions in the general case.

Any strategy identifying a class U C R with respect to some criterion I €
7\ {CONS, CONF} can be replaced by a total recursive strategy without loss of
learning power — a result from folklore. This new strategy is defined by computing
the values of the former strategy for a bounded number of steps and a bounded
number of input examples with increasing bounds. As long as no hypothesis is
found, some temporary hypothesis agreeing with the restrictions in the definition
of I is produced. Afterwards the hypotheses of the former strategy are put out
“with delay”. This does not work for CONS and CONF, since in general after the
delay the hypotheses are no longer consistent or conform with the information in
the actual time of the learning process. An example of a class in CONS which
is not consistently identifiable by any total recursive strategy can be found in
[WZ95]. Now we transfer these observations to the level of uniform learning and
get the following result, which we will use in several proofs:

Proposition 3 Let I € Z\ {CONS, CONF,CP}, J C I, B CN. Assume B €
suit(J, 1) (suit.(J,I)). Then there is a total recursive function S such that B €
suit(J, 1)(S) (suit-(J,I)(S), respectively). Furthermore, if I ¢ {TOTAL, CEX}
and B € suit,(J,I), then also B € suit,(J,I1)(S) for some S € R?.

We also have to exclude the criterion CP here, because in general a class-
preserving hypothesis for R, cannot be computed uniformly in b. A counterclaim

to Proposition 3 in the case of learning with respect to suit, for the criteria
CONS, CONF, CEX, TOTAL and CP is verified by the example given below:

Example 1 The description set B C N given by
Bi={beN|VfeR, g€ Pu\{f} l90) = g(0)# FO)]}
is an element of suit,(I,1I) for all I € {CONS, CONF, CEX, TOTAL, CP}, but
B ¢ suit,(1,1)(5)
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for all I € {CONS, CONF, CEX, TOTAL, CP} and any total recursive strategy
S e R

Proof. 1f we set T(b, f[0]) := “Return somei € N with ¢2(0) = f(0)” and
T(b, f[n + 1]) := T'(b, f[0]) for arbitrary f € R and b,n € N, we observe that
B € suit,(I,1)(T) for all I € {CONS, CONF, CEX, TOTAL, CP}. Otherwise
there was an integer b € B and two functions f € Ry, g € Py \ {f} with
g(0) = f(0), which contradicts the definition of B.

Now assume that there exists some strategy S € R? satisfying

B € suit, (I, 1)(S)

for some I € {CONS, CONF, CEX, TOTAL, CP}. We will deduce a contradiction
by constructing an integer by € N satisfying

1. by € B,
2. Rbo §é [@bo ()\.TS(bo,l'))

Construction of by.
Define a function ¢» € P? for arbitrary b € N as follows:

(0 if S(b,0) #
vy = {1 if S(b,0) =0 and I # CONF

(11 if S(b,0) = 0 and I = CONF
(0 if S(b,0) =
Yh o= {1 if S(b,0) 7é 0 and I # CONF
(17%° if S(b,0) # 0 and I = CONF

- {Too if I £ CONF

)

bl

for all z > 2.
17°° if I = CONF

Since S € R?, we know that S(b,0) is defined for all b € N, so 1) is a partial-
recursive function. Now let ¢ € R be a compiler function such that @9 = b
for all b € N. Such a function g exists, since ¥* was defined uniformly in b. The
recursion theorem then yields an integer by € N satisfying ¢ = ¢9(0) Thus we
have % = b0,

End Construction by.

It remains to prove the following properties:
1. by € B,
2. Rbo g_ﬁ Lpbo ()\[L’S(bo, [E))
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ad 1. By definition of the function ¢ we know that Py = {0°, 1%} (or {0°, 17}
if I = CONF). Thus for any f € Ry, and g € Py, \ {f} we obtain f = 0= as
well as g =7 (or {g = 11°°} if I = CONF); in particular g(0) # f(0). Thus
by € B. qed 1.

ad 2. Since S € R?, it suffices to consider the following two cases.

Case (i). S(by,0) = 0.

Then ¢ = 0™ € Ry, and @l =1 (or ¢ = 17 if I = CONF). This implies
S(bg, p2[0]) = S(by,0) = 0. But ¢ is not an element of the recursive core Ry,
and ¢%(0)7 (or f°(0) = 1 if I = CONF). So on ¢ the strategy A\z.S(bg, )
returns a hypothesis which is neither consistent nor class-preserving, nor total,
nor convergently incorrect (or which is non-conform, if I = CONF). This implies

Ry & Lo (A2.S(bo, 1)).

Case (i1). S(by,0) # 0.
Then ¢ = 0% € Ry, and ¢? =1 (or % = 11 if I = CONF) for all z > 1.
By analogy with our first case we verify Ry, ¢ s (Az.S(bo, )).

Further cases do not occur, so Ry, & I (Ax.5(bo, 7)). qed 2.

These two properties of by now contradict our assumption. This implies
that there is no recursive strategy S € R? satisfying B € suit, (I, I)(S), where
I € {CONS, CONF, CEX, TOTAL, CP} was chosen arbitrarily. O

A further example will prove the counterclaim to Proposition 3 concerning
suit or suit, in combination with any of the criteria CONS and CONF.

Example 2 The description set B C N given by
B:={beN|¢"cR?*}

is an element of suit,(CONS, CONS), but B ¢ suit( CONS, CONF)(S) for any
recursive strateqy S € R?.

Proof. Obviously R, € CONS_:(Enum,s) for all b € N. Since a program for
the strategy Enumg, can be found uniformly in the description b, we obtain
B € suit,(CONS, CONS).

It remains to prove that B ¢ suit(CONS, CONF)(S) for all S € R?. Assume
to the contrary that there exists some strategy S € R? satisfying

B € suit(CONS, CONF)(S) .

We will deduce a contradiction by constructing an integer by € N satisfying
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1. b € B,
2. Ry, ¢ CONF,(Az.S(bo, x)) for all n € P2.

Construction of by.
Define a function ¢) € P? for arbitrary b € N as follows:

Y2(0) := Oforalli € N,

(]

(0 if S(b, Ubfa]) # S(b, vB[al0) (A)
oy LS uble]) = SO, wfelo) and
P s ) 500 []1) B TN

(Yb(x+1) if case (C) occurs at most ¢ times
bl +1) = in the definition of ¥4[z + 1] for i,z € N .

1 otherwise

\

Whenever case (A) or case (B) occurs, A\z.S(b, z) changes its mind on ¥§. A
S € R?, we have ¢p € R®. Note that for all x € N such that S(b,¥§[z]) =
S(b, ¥8[x]0) = S(b,¥¥[x]1) there is some i € N which fulfils

Y1 = ¥ and ¢ (z+1) =10 =gz + 1) (1)

Now let ¢ € R be a compiler function such that p9®) = ¢* for all b € N. Such

a function g exists, since 1° was defined uniformly in b. The recursion theorem
then yields an integer by € N satisfying % = ¢9%) Thus we have @ = g%,

End Construction by.

It remains to prove the following properties:
1. by € B,
2. Ry, ¢ CONF,(Az.S(bo, x)) for all n € P2.

ad 1. We know 1) € R3. Since ¢ = " this implies ¢% € R?. Hence we obtain
by € B. ged 1.

ad 2. Assume that R, € CONF,(\z.S(bo,x)) for some fixed n € P%  As
¥ € R, one of the cases (A), (B), (C) must occur infinitely often in the defini-
tion of ¥° = ¢¥. We consider two possible cases.

Case (1). Cases (A) or (B) occur infinitely often.

Then — according to the remark in the definition of 1) — the strategy Az.S(b, x)
changes its mind on ¢ infinitely often. Therefore Ry, ¢ CONF,(Az.S(by, z)),
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which contradicts our assumption.

Case (ii). Case (C) occurs infinitely often.
Then there are infinitely many integers x € N such that

S (bo, 8080 [z]) = S(bo, %080 [2]0) = S (bo, 9080 [z]1) . (2)

Let z be one of these integers. According to (1) there must be an ¢ € N such that

el = o and (2 + 1) =1 £ 0= (2 + 1)
and S(bo, 0% [z +1]) = S(bo, o[z + 1]) .

Since ¢,y € Ry, and Ry, € CONF,(Az.S(b,)), the hypothesis j :=
S(bo, e[z + 1]) must be conform with respect to n for both ¢¥[z + 1] and
@2 [z + 1], therefore n;(z + 1)1. In particular j is incorrect for ¢f® with respect
to n. That means for every = € N satisfying condition (2), that the hypothesis
S(bo, X[z + 1]) is incorrect for @ with respect to 7. Now Az.S(by, ) returns
incorrect hypotheses for 90’50 infinitely often, because there are infinitely many
integers z satisfying condition (2). We conclude Ry, ¢ CONF,(Az.S(by,z)) in
contradiction to our assumption.

As at least one of these two cases must occur, we have verified that R, ¢
CONF, (Az.S(bo, x)), where the hypothesis space n € P? was chosen arbitrarily.
This proves 2. qged 2.

These two properties of by now contradict our assumption. This implies that
there is no recursive strategy S € R? satisfying B € suit(CONS, CONF)(S). O

Let us now collect some simple examples of description sets suitable or not
suitable for uniform learning. First we consider the identification of classes con-
sisting of just one recursive function. Any set describing such classes turns out
to be suitable for identification under any of our criteria:

Theorem 3 Let [ € Z. Then suit(J', 1) ={B CN | R, € J* for all b € B}.

Proof. Let B C N fulfil R, € J! for all b € B. Since for all f € R there
exists a numbering ¢ € P? with ¢y = f, the strategy constantly zero yields
B € suit(J', I). Thus {B C N | R, € J! for all b € B} C suit(J', ). The other
inclusion is obvious. 0

Unfortunately, we would rather not regard the strategy defined in this proof
as an “intelligent” learner, because its output does not depend on the input at
all. Its success lies just in the choice of appropriate hypothesis spaces. If such a
choice of hypothesis spaces is forbidden, we obtain an absolutely negative result:
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Theorem 4

1. {beN| Ry € J'} ¢ suit, (J*, BO);
in particular even {b € N | card {i € N | ¢ € R} = 1} ¢ suit,(J', BO),

2. {beN| Ry € J'} ¢ suit,(J', BCY);
in particular even {b € N | card {i € N | ¢} € R} = 1} ¢ swit,(J', BC*).

For a proof see [Zi00]. So, if we fix our hypothesis spaces in advance, not
even the classes consisting of just one element can be BC-identified uniformly.
Regarding the identification of arbitrary finite classes (the learnability of which
is trivial in the non-uniform case), the situation does not improve. Even by free
choice of the hypothesis spaces we cannot achieve uniform EX-identifiability.

Theorem 5 {b € N | R, € J*} ¢ suit(J*, EX).

A proof can be found in [Zi00]. How can we interpret these results? Is the
concept of uniform learning fruitless and further research on this area not worth-
wile? Fortunately, many results in [BCJ96] and [Zi00] allow a more optimistic
point of view. For example, [Zi00] shows that some constraints on the descrip-
tions b € B — especially concerning the topological structure of the numberings
¢® — yield uniform learnability of huge classes of recursive functions, even with
consistent and total intermediate hypotheses and also with respect to our accept-
able numbering 7. The sticking point seems to be that uniform identifiability is
not so much influenced by the classes to be learned, but by the numberings ¢
chosen as representations for these classes. So the many negative results should
be interpreted carefully. For example the reason that there is no uniform EX-
learner for {b € N | R, € J*} is not so much the complexity of finite classes but
rather the need to cope with any numbering possessing a finite R-core. Based
on these aspects we do not tend to a pessimistic view concerning the fruitfulness
of the concept of uniform learning. Our results in the following sections will
substantiate this opinion.

Theorems 3 and 4 now enable the proof of the following example of a strict
version of Proposition 2.

Theorem 6
1. suit,(J', 1) C suit.(J', I) C suit(J', I) for all I € T\ {BC"},
2. suit,(J', BC*) C suit.(J*, BC") = suit(J*', BC").

Proof. ad 1. Let I € T\ {BC*}. suit(J',I) C suit(J',I) is obtained as
follows: by Theorem 4 we know that By := {b € N | Ry, € J'} & suit, (J',])
(otherwise B; was also an element of suit,(J',BC)). Thus by Theorem 3 we
obtain By € suit(J*, I) \ suit,(J*, ).
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It remains to prove suit,(J!, I) C suit,(J', I). Again by Theorem 4 we know
that there exists a set B C N such that card {i e N | o € R} =1forallbe B
and B ¢ suit,(J', EX). Now let g € R be a computable function satisfying

90 () — {0 if pb(y)| forally <=z

’ T otherwise

for any b,i,2 € N. Let B’ := {g(b) | b € B}. Since Ry = {0} for all b € B,
we get B’ € suit,(J!, I) (via a strategy which constantly returns a 7-index of the
function 0°).

Obviously {i € N| ¢/ € R} = {i e N| ¢ € R} for all b € N. If
there was a strategy S € P? satisfying B’ € suit,(J*, I)(S), we would achieve
B € suity,(J', EX)(T) by defining T'(b, f[n]) := S(g(b),0") for f € R, b,n € N.
This contradicts the choice of B, so B’ € suit,(J*, ) \ suit,(J*, I)(S). Hence

suit,,(J*, I) C suit, (J1, I). qged 1.

ad 2. By Theorem 2 we know R € BC*. Therefore there exists some strategy
T € R such that R € BC,(T'). Defining a uniform learner S by

S(b, fln]) := T(f[n])
for all f € R and b,n € N, we obtain pN € suit,(BC*, BC*)(S). So
suit,(BC*, BC*) = suit(BC*, BC*) = pN
and in particular suit, (J!, BC*) = suit(J', BC*) is verified. The proper inclusion
suit,,(J*, BC*) C suit,(J*,BC*) is a consequence of Theorem 4.2, because the
description set {b € N | R, € J'} is an element of suit, (J', BC*), but does not

belong to suit,(J', BC*). qed 2.
U
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4 Separation of Inference Criteria: Special Hy-
pothesis Spaces

From now on we will compare the learning power of our inference criteria for
uniform learning of finite classes of recursive functions, i.e. we try to find results
in the style of Theorem 2, where the criteria I € Z are replaced by the sets
suit(J*, I), suit,(J*, I) or suit,(J*,I). Please note that a separation like for
example suit, (CONS, CONS) C suit,(CONS, EX) is not a very astonishing result.
The remarkable point is that even collections of finite classes of recursive functions
suffice for a separation (note that in the non-uniform case finite classes can be
identified under any criterion I € 7 easily).

In this section we concentrate on uniform learning with respect to fixed hy-
pothesis spaces, i.e. according to Definition 12. Our aim is to show that all
comparison results in Theorem 2 hold analogously for these concepts, even if all
classes to be learned are finite. Lemma 1 summarizes some very simple observa-
tions.

Lemma 1
1. suit,(J*, EX) C suit,(J*, BC) C suit,(J*, BC"),
2. suit,(J*, EXy) C suity,(J*, EXpi1) C suit,(J*, EX) for allm € N,

3. suit,(J*, CP) C suit,(J*, TOTAL) C suit,(J*, CONS) C
suit,(J*, CONF) C suit,(J*, EX),

4. suit,(J*, TOTAL) C suit,(J*, CEX) C suit,(J*, EX),

(
5. suit,(J*, EXy) C suit,(J*, CONS) and
suit,(J*, EXo) C suit,(J*, CEX) [Ne01],

6. suit-(J*, EXy) C suit,(J*, TOTAL).
These results hold analogously if we substitute suit, by suit..

Proof. All inclusions except for suit,(J*, TOTAL) C suit,(J*, CONS) (or anal-
ogously with suit, instead of suit,,) and suit,(J*, EXy) C suit,(J*, CEX) follow
immediately from the definitions.

Proof of “suit,(J*, TOTAL) C suit,(J*, CONS)” and the corresponding T-case.

If some set B C N fulfils B € suit,(J*, TOTAL)(S) for a strategy S € P?, we
can easily define 7' € P? such that B € suit,(J*, CONS)(T). On input (b, f[n])
the strategy T just has to check the hypothesis S(b, f[n]) for consistency with
respect to . For b € B, f € R, this check is possible, because ‘Pg(b,f[n]) must be
a total function. If consistency is verified, 7" returns the same hypothesis as 5,
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otherwise T returns some consistent hypothesis (which can be found, if f € R;).
Convergence to a correct hypothesis follows from the choice of S. The 7-case is
proved by analogy.

Proof of “suit,(J*, EXy) C suit,(J*, CEX)”.
This proof is based on a personal communication to Jochen Nessel. Let B €
suit,(J*, EXp). Then there exists a strategy 7' € R?, such that

Ry, € (EXo) b (Ax. T (b, x))

for all b € B. A strategy S € P? successful for B according to the definition of
suit,,(J*, CEX) can be described in the following way:

On input (b, f[n]) € N? first compute T(b, f[n]). If T(b, f[n]) #7,
then return T(b, f[n]). Otherwise look for some (i,m) € N2, such that
fln] € @¥[m] and T(b, p[m]) = i. As soon as such a pair (i,m) is
found, return 1.

Now assume b € B and f € R,;. Since Ry € (EXg),(Az.T'(b, x)), there must
be some j,ng € N, such that ¢} = f and T(b, f[n]) = j for all n > ng. Then
also S(b, f[n]) = j for all n > ny, so in the limit our hypotheses are correct with
respect to .

It remains to prove that S(b, f[n]) is defined for all n € N and that none of
the intermediate hypotheses produced by Az.S(b,x) on f correspond to proper
subfunctions of f. For that purpose choose some n € N such that T'(b, f[n]) =7
(if such an n exists). Since f € Ry and Ry € (EXy) 0 (Ax.T(b, x)), our strategy
S must find some pair (i,m) € N2 such that f[n] C ©°[m] and T'(b, p%[m]) = i.
So S(b, f[n]) = ¢; in particular, S(b, f[n]) is defined.

If @?[m] C f, then also T'(b, f[m]) = i. As T learns R, from b without a mind
change, this implies ¢? = f. Thus S(b, f[n]) = i does not correspond to a proper
subfunction of f.

If ©[m] Z f, then ¢! € f,ie. again S(b, f[n]) = i does not correspond to a
proper subfunction of f.

Hence we obtain R, € CEX_»(Az.S(b,x)) for all b € B and therefore B €
suit,(J*, CEX). As B € suit,(J*, EX() was chosen arbitrarily, we conclude
suit,,(J*, EXy) C suit,(J*, CEX). O

Now we want to prove that nearly all these inclusions are in fact proper
inclusions.

4.1 The Hierarchy in Lemma 1.1

In this subsection we will show that the hierarchy in Lemma 1.1 is given by strict
separations. For that purpose we have to verify suit,(J*, EX) C suit,(J*, BC)
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and suit,(J*, BC) C suit,(J*, BC*) as well as the corresponding results for the 7-
case. The separation of suit,(J*, BC) and suit,(J*, BC*) (and analogously with
suit, instead of suit,) is achieved by Theorem 7.

Theorem 7 suit,(J, BC") \ suit.(J', BC) # 0.

Proof. We use a strategy T' € R to define a description set B C N suitable for
uniform BC*-identification by T. The set B shall describe only singleton sets
of recursive functions and will not be suitable for uniform behaviourally correct
identification. The choice of the strategy 1" may seem rather arbitrary, but it will
enable an indirect proof.

Definition of B € suit,(J', BC*) \ suit.(J*, BO).
Define a strategy T € R by

T(f[nl) := card {i <n | f(i) =1} +1
for all f € R and n € N. Then set
B:={beN|card Ry =1and Ry, € BC,(T)} .
Claim. B € suit,(J', BC*) \ suit,(J*, BC).

Proof of “B € suit,(J', BC")".
Defining 7" € R? by T'(b, f[n]) := T(f[n]) for all f € R and b,n € N we obviously
have

e Vbe B[R, € JY,
e Vb€ B[Ry € BC,(Ax.T"(b, x))].

By Definition 12 this implies B € suit,(J*, BC").

Proof of “B ¢ suit,(J', BO)”.
We will verify this claim by way of contradiction.

Assumption. B € suit,(J', BC).
Then there exists a strategy S € R? such that

Vb € B [Ry, € BC,(Az.S(b,x))] . (3)
Aim. Construction of an integer by, such that
1. by € B,
2. Ry, ¢ BC,(Az.S(bo,x)),
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in contradiction to statement (3). The strategy Az.S(by, z) will fail for the only
function f € Ry, by returning hypotheses incorrect for f with respect to 7 in-
finitely often.

Construction of by.
Define a function ¢ € P? by the following instructions: let b € N, af := 0. Go to
stage 0.

Stage 0. ¥3(0) := 0, i.e. Y3[0] = ab. For x € N set

(0 ifz=0
0 if x >0 and for all m € {1,...,x}
bron [Tswom) (M)l <e = Ts@om)(m ) 7é 0]
1(@) = T if z > 0 and x is minimal such that
Tsp,om) (M)l <z and Tgpem)(m) = 0 for some m € {1,...,x}
(Y4(z) otherwise

If there is some x € N and some m € {1,...,z} such that
Tswom)(m)l<, and Tg@omy(m) =0,

let m? be the minimal integer such that

my)l<, and T mg) =0 .

Ts(p.0m o)( (bomS)(

Then define of := 0m61 and go to stage 1. End stage 0.
Stage k (k € N,k >0). ¥§[|ab] — 1] :== ab. For z € N set

(ozz(x) if v < |af]

0 if z > |ab] and for all m € {1,...,x}
[TS(b,agom)ﬂaﬂ +m)l<z = TS(b,agom)(|aZ| +m) # 0]
@D,’;H(a:) =41 if z > |at| and 2 is minimal such that

Toatom ([ah] +m) <, and Tgpq00m)(Jag] +m) =0
for some m € {1,...,z}
\z/Jg(x) otherwise

If there is some z € N with z > |a}| and some m € {1,...,z} such that
b b
TS(b,aZOM)(|%| +m)l<, and TS(b,agom)(|@k| +m) =0,
let m? be the minimal integer such that

o)+ m))l<, and T (|04k| +my)=0.

-
S(b,ab0™ k ( S(b,ab0™
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Then define azﬂ = agomh and go to stage k + 1. End stage k.

Now let ¢ € R be a compiler function such that p9®) = 4* for all b € N. Such

a function ¢ exists, since 1° was defined uniformly in b. The recursion theorem
then yields an integer by € N satisfying % = ¢9%) Thus we have @ = g%,

End Construction by.

The following Fact is verified easily.
Fact 1
1. If of° € R then

(a) ozzo C @ for all k € N,
(b) o ¢ R and @2 =* o for all k > 1;

2. if o ¢ R then there exists some k € N such that Ry, = {0} = {al00°},
3. if o is defined for some k € N, then card {i € N | ol (i) = 1} = k.

In order to contradict phrase 3 we will prove the following statements.

1. by € B,

2. Ry, ¢ BC,(Az.S(by, x)).

ad 1. From Fact 1.1(b) and 1.2 we conclude that there is exactly one integer k
such that Ry, = {©2}. Thus Ry, € J*. For the proof of Ry, € BCZy, (T) consider
the following two cases.

Case (z) Rbo = {p}.
Since 2 =* o for all k > 1 by Fact 1.1(b), we obviously have ¢ —=* b0

T(ey n])
for all n € N. Hence Ry, € BC74, ().

Case (i1). Ry, = {@Z?H} for some k € N.
By Fact 1.2 and 1.3 we know that

card {i e N |l (i) =1} =card {i e N| a°(i) = 1} =k .

Now let g = max{i € N | ¢ (i) = 1} be the maximal argument for which
o, returns 1. Then the definition of our strategy 7" implies T'(} ,[n]) = k+1

for all n > no. Therefore Ry, € EX s (T') and in particular Ry, € BCL,, (7).
So we have verified Ry, € J' as well as Ry, € BC,,(T). By definition this
yields by € B. ged 1.
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ad 2. Again we consider two cases.

Case (i). Ry, = {@l}.
From Fact 1.1(a) we know o C ¢ for all k € N. By construction in stage

k, k € N, we obtain 0‘211 = a0™1 for some m € N such that

]azo\ +m)|<, and 7 (|042°] +m)=0.

TS (bo,at00m) ( (bo,a200m)

So 9080(|a20| +m)=1#0= TS(b0,<p30[\a20|+m—1})(|azo| + m), i.e. the hypothesis
returned by Az.S(by, z) on @ [|al| +m — 1] is incorrect with respect to 7 for all
Yo L1

k € N. So our strategy infinitely often returns incorrect hypotheses on the only
function in Ry,. Therefore Ry, ¢ BC.(Azx.S(bo, x)).

Case (ii). Ry, = {}%,} for some k € N.

By construction in stage k we observe that QDZOH is a total function if and only
. b b b b

lf Ts(bo’aZOOM)(‘O&kO’ + m>T or TS(bo,aZOOW)O&kO’ + m) 7£ O = gpk[zi-l(’&ko‘ _'_ m) for a'll
m € N. Since @Z"H = 0420000, this implies that all but finitely many hypothe-
ses returned by the strategy A\x.S(by, x) on goZOH are incorrect with respect to 7.
Hence Ry, ¢ BC.(Az.S(by, x)).

In both cases we have verified 2. ged 2.

The claims 1 and 2 now imply the existence of some integer by € B such
that Ry, ¢ BC,(Az.S(by,x)). This contradicts our assumption and we conclude
B ¢ suit,(J, BC). Therefore suit,(J', BC*) \ suit,(J*, BC) # 0. O

With similar methods we can also separate explanatory identification from
behaviourally correct identification.

Theorem 8 suit,(J*, BC) \ suit(J*, EX) # 0.

Proof. We use a strategy T" € R to define a description set B C N suitable for
uniform behaviourally correct identification by T'. The set B shall describe only
finite recursive cores and will not be suitable for uniform identification in the limit.
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Definition of B € suit,(J*, BC) \ suit(J*, EX).
Define a strategy T' € P by

(0 if n=0
27 +1 ifn>0 A f(n)#2 A card {i <n| f(i) =2} =
T(finl) = AVz € {max{i <n | f(i) =2},...,n} [f(x) =0]
2j + 2 ifn>0Af()¢2Acard{z<n|f(l) 2} =
Az € {max{i <n| f(i) =2},...,n} [f(z) # 0]
(T (f[n—1]) ifn>0 A f(n) =

for arbitrary f € R and n € N. Then set
B :={be N | Ry is finite and R € BC»(T)} .
Claim. B € suit,(J*, BC) \ suit(J*, EX).

Proof of “B € suit,(J*, BC)”.
Defining 7" € P? by T'(b, f[n]) := T(f[n]) for all f € R and b,n € N we obviously

have
e Vbe B[R, € JY,
e Vbe B[R, € BC@b()\x.T’(b, x))].

By Definition 12 this implies B € suit,(J*, BC).

Proof of “B ¢ suit(J*, EX)”.
We will verify this claim by way of contradiction.

Assumption. B € suit(J*, EX).
Then there exists a strategy S € R? such that

Vb € B [Ry € EX(A\x.S(b,x))] . (4)
Aim. Construction of an integer by, such that
1. by € B,
2. Ry, & EX(Az.S(bo, 7)),

in contradiction to statement (4). The strategy Az.S(by, x) will fail for at least
one function f € Ry, by either

e changing its hypothesis for f infinitely often or

e converging to an index incorrect for the function f.
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Construction of by.
Define a function ¢ € P? by the following instructions: let b € N, a§(0) := 0. Go
to stage 0.

Stage 0. By dove-tailed computation look for the minimal integer m} satisfying

S(b,000™8) £ S(b,0) or S(b,010™0) £ S(b,0) .

Then let
000m62 if m? is defined and S(b, 000™5) #£ S(b, 0)
o := ¢ 01082 if m} is defined and S(b,00078) = S(b,0)
T if m§ is not defined
Furthermore set
Yolmy +2] = af (e ) =1 if m} is undefined)
(000> if my is not defined
W = b if mY is defined and S(b, 000™8) # S(b,0)
[000m61°° if m} is defined and S(b, 000™5) = S(b,0)
(010 if mY is not defined
Ph o= S if mY is defined and S(b, 000™6) = S(b, 0)
\OlOmgT"o if Y is defined and S(b, 000™8) # S(b,0)

If m} is defined, then go to stage 1. End stage 0.

Stage k (k € N,k > 0). By dove-tailed computation look for the minimal integer
m? satisfying

S(b,a200™) # S(b,al) or S(b,al10™) #£ S(b,al) .

Then let
al00™2 if m? is defined and S(b, al00™) # S(b, ab)
oy =4 al10™2  if m? is defined and S(b, a00"%) = S(b, a?)
7 if m? is not defined
Furthermore set
Yllab, | — 1] = afy if m} is defined (v = ol 1°° if m{ is undefined)
(00> if m? is not defined
Yo = Qb if m? is defined and S(b, al00™%) # S(b, ab)
\aZOOmﬁTOO if mf is defined and S(b, a200™%) = S(b, o)
(10 if m? is not defined
Yo = QA if m? is defined and S(b, a200™) = S(b, a?)
@4 10™47> if mY is defined and S(b, a00™%) # S(b, a})
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If m? is defined, then go to stage k + 1. End stage k + 1.

Now let ¢ € R be a compiler function such that p9®) = 4* for all b € N. Such

a function ¢ exists, since 1° was defined uniformly in b. The recursion theorem
then yields an integer by € N satisfying o = ¢9%) Thus we have @ = g%,

End Construction by.

The following Fact is verified easily.

Fact 2

1. Ryy = {} iff mb is defined for all k € N
AP0 e} = Lo, Aol (1l DO™ 1) for all k € N;

2. Ry, = {gog?gﬂ, gog(}cﬁ} = {al?00,a% 10} iff k is the minimal integer such
that mzo 1 undefined;

3. if o is defined for some k € N, then card {i € N | ol (i) = 2} = k.

In order to contradict phrase (4) we will prove the following statements.

1. by € B,

2. Ry, ¢ EX(Ax.S(bo, x)).

ad 1. By Fact 2.1 and Fact 2.2 Ry, is finite. Thus it remains to prove R;, €
BC_u (T). It suffices to consider the following two cases.

Case (i). Ry, = {@}.

We know T (% [0]) = 0.

If n > 1 and @2(n) # 2, there is some k € N maximal with the property
ok C pl[n —1]. Then t := ¢ (|ax|) € {0,1}. Since card {i <n | (i) =2} =
card {i € N | a?(i) = 2} = k by Fact 2.3, we obtain T(p°[n]) = 2k + ¢ + 1.
Since )t C @g?ﬂ+t+1 and )t C g’ and {‘Pg(;wrh @g?wz} = {¢t", aZomeZO 1%} by
Fact 2.1, we have ¢y ., = ¢y. So for any n > 1 with ¢ (n) # 2 we obtain

L 5
P 70 (5)

Now if n > 2 and ¢ (n) = 2, the definition of 7' implies

bo — b() (:) bO
T YO

bo
T(p0 [n])

To verify this, please note that ¢l (n — 1) # 2 by construction. Thus ¢
@b for all but finitely many n € N and therefore R,, € BCu (T).
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Case (ii). Ry, = {p5., 1, O o} = {200, a?10°°} for some k € N.
Assume n > |af?|. Then ¢3,(n) # 2 and @3 ,(n) # 2 by construction. Fur-
thermore

card {i <n |, () =2} = card {i <n|h,,(0) =2}
= card {i € N|al’(i) = 2}
= k

becezuse of Fact 2.3. Since ¢§%+1(|a20|) = 0 and gog%+2(|azo|)b = 1, this yi;elds
T(pg).q[n]) = 2k + 1 and T(¢3;,,4[n]) = 2k + 2. Therefore o ) Oopr1

(032

Pok+1
and o , = b . for all but finitely many n € N. Hence Ry, € BC 4, (T).
T(W2%+2[n]) ®
Altogether we obtain by € B. qged 1.

ad 2. Again we consider two cases.

Case (i). Ry, = {@}.

Then mzo is defined for all £ € N by Fact 2.1. By construction this implies
al? C o as well as S(by, al’) # S(by, pi*f|ai,| — 2]) for all k € N. Thus the
sequence of hypotheses produced by the strategy Az.S(bg, x) on gogo does not con-
verge. This implies Ry, ¢ EX(Az.S(bo, x)).

Case (ii). Ryy = {p5, 1, 0% 1o} = {200, @10} for some k € N.
Then by Fact 2.2 we know that mzo is not defined. This implies

S(bg, a2°00™) = S(by, al®) = S(by, a2 10™) for all k € N .

Thus S(bo, g1 [n]) = S(bo, ¥4, 5[n]) for all but finitely many n € N, although
% o 7 o 4o Therefore — no matter what hypothesis space is regarded —
the sequence of hypotheses generated by Az.S(by,x) must converge to an in-
correct hypothesis for at least one of the two functions in R,,. Hence Ry, ¢
EX(Az.S(by, x)).

qged 2.

Claims 1 and 2 together now contradict statement 4. Therefore our as-
sumption must have been wrong, i.e. B ¢ suit(J*, EX). Altogether we have
B € suit,(J*, BC) \ suit(J*, EX). This completes the proof. O

Note that this result is even much stronger than required. We just needed
to prove suit,(J*, BC) \ suit,(J*, EX) # () and the corresponding statement for
learning with respect to 7. Besides we have not only verified

suit(J*, BC) \ suit(J*, EX) # 0 ,
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but we observe a further fact: though we know uniform learning with respect
to the hypothesis spaces given by ¢ to be much more restrictive than uniform
learning without special demands concerning the hypothesis spaces, we still can
find collections of class-descriptions which are

e restrictive enough to describe finite classes of recursive functions only,

e suitable for uniform BC-identification with respect to the hypothesis spaces
corresponding to their descriptions,

e but not suitable for uniform EX-identification even if the hypothesis spaces
can be chosen without restrictions.

Similar strict separations are obtained by the theorems below.
In the following corollary we summarize parts of the results obtained by The-
orem 7 and Theorem 8.

Corollary 1 suit,(J*, EX) C suit,(J*, BC) C suit,(J*, BC*). This result holds
also for suit, instead of suit,.

So we have verified that all inclusions in Lemma 1.1 are in fact proper inclu-
sions.

4.2 The Hierarchy in Lemma 1.2

With the help of the techniques used in the proofs of Theorem 7 and Theorem 8
we will now also show that Lemma 1.2 can be written with strict inclusions. For
that purpose the following theorem is sufficient.

Theorem 9 suity,(J*, EX,,41) \ suit(J*, EX,,) # 0 for any m € N.
Proof. Fix m € N. Define a description set B C N by

B:={b€eN| R, is finite and ¢’ € R? and Ry, € (EXn41),0(Enum,)}.
We want to prove: B € suit,(J*, EX;,11) \ suit(J*, EX,,).

Proof of “B € suit,(J*, EX;pt1)”.
For f € R and b,n € N define

min{i | ¢ =, f} if the necessary consistency tests are
T(b, f[n]) := decidable and such a minimum exists

T otherwise

Thus T € P2. Since ¢* € R? for all b € B we obtain with the definition of B:
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e Vbe B[R, € JY,

o Vbe B[Ry € (EXyp1)pp (AT (b, x))].
By definition of uniform identifiability this implies B € suit,(J*, EX;,41).
Proof of “B ¢ suit(J*, EX,,)".

We will verify this claim by way of contradiction.

Assumption. B € suit(J*, EX,,).
Then by Proposition 3 there exists a strategy S € R? such that for any b € B
there is a numbering n € P? satisfying Ry, € (EX,,,),(Az.S(b, z)); abbreviated

Vb € B [Ry € EX,,(Ax.S(b,x))] . (6)
Aim. Construction of an integer by, such that
1. by € B,
2. Ry, ¢ EX;,(Ax.S(bo, x)),

in contradiction to statement (6). The strategy A\x.S(by, z) will fail for at least
one function f € Ry, by either

e returning “?” for all initial segments of f or

e generating a hypothesis incorrect for f for infinitely many initial segments
of f or

e changing its hypothesis on f at least m + 1 times.

In order to deduce a contradiction it suffices to prove that one of these three cases
must occur. Which of these cases actually occurs for the constructed integer by,
does not have to be decidable.

Construction of by.

Generate a finite list of recursive functions according to the following instruc-
tions. Begin in stage 0 with an empty list.

Stage 0. Add the function 0* to the list. Go to stage 1.
Stage 1. Add the function

0 ifz=0o0r S(b, 0" =?
x+—>{ e or 5(b, ) forz € N

1 otherwise
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(i.e. either the function 0> or a function 0¥1%° for some k € N) to the list. Go to
stage 2.

Stage 74+ 1 (1 < j < m). For every function f in the list add the function

f(z) ifx=0or
T = card {n <x —11]7#S(b, f[n]) # S, fln+1])} < j
J+ 1 otherwise

for € N (i.e. either the function f or a function f[k](j + 1) for some k € N)
to the list. Go to stage j+2.

Stage m + 2. Stop.

Let 9 be the effective numbering which first enumerates all functions in the
list generated above and afterwards continues by listing the function 0°° forever.
That means, 9§ = 0°; 1% is the function listed in stage 1; 1§, ¥% are the func-
tions listed in stage 2; ...; wgm,@bgmﬂ, e ,¢Sm+1_1 are the functions listed in
stage m + 1; furthermore 1? = 0% for all 4 > 2!,

Now let g € R be a compiler function such that ¢9® = ¢ for all b € N. Such

a function g exists, since 1° was defined uniformly in b. The recursion theorem
then yields an integer by € N satisfying % = ¢9%) Thus we have @ = g%,

End Construction bg.

In order to contradict phrase (6) we will prove the following statements.
1. by € B,
2. Ry, ¢ EX,(Ax.S(bo, 2)).

ad 1. By construction Ry, is finite and ¢ € R2. It remains to prove that
Ry, € (EXpnq1) b (Enume, ). For that purpose choose f € Ry, arbitrarily. We
prove the following claim:

If f is listed in stage t (0 <t <m + 1), then {f} € (EX;), b (Enum, ). (7)
We use induction on ¢.

t = 0. If £ is listed in stage 0, then f = 0% = @, Obviously Enum, e, (f[n]) =0
for all n € N. Thus {f} € (EXg) b (Enum,e, ).

t~t+ 1. If f is listed in stage t + 1, we consider two possible cases:
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Case (1). f has already been listed in stage ¢’ for some ¢’ < ¢ + 1.
Then by induction hypothesis {f} € (EXy) b (Enum, s, ) and in particular {f} €
(EX¢41) pbo (Enum g, ).

Case (i1). f = f'[k](t + 1) for some f’ listed in or before stage ¢ and some
k e N.
By induction hypothesis

card {n < k | 7 # Enum s, (f'[n]) # Enum s, (f'[n +1])} <t .

Let i := Enum, (f'[k]). As f’ is listed before Stage ¢ + 1, we have i < 2",
Since f(k + 1) =t + 1, this implies ¢ #,,1 f. Therefore Enum, e, (f[k +1]) €
{2t,...,2" — 1} and

card {n < k+ 1|7 # Enump, (f[n]) # Enumge, (fn+1])} <t +1. (8)

Ifje{2,....,2" —1} and f'[k](t+1) C go?-o, we obtain cp?o = f'lk]t+1)>* = f
by construction. Thus Enum, (f[n]) = Enum i, (f[k + 1]) for all n > k +1
and Enum s, (f[k 4 1]) is a ¢"-number for f. With (8) we conclude {f} €
(EX¢11) 00 (Enum, g, ).

This proves (7).

As our construction stops after m + 1 stages, we obtain with (7):
Rbo S (EXm_i_l)(pbo (Enum@bo)
and therefore by € B. qged 1.

ad 2. Let stage t (t < m+ 1) be the last stage in which at least one new function
is listed. We consider three cases.

Case (1). t =0.
Then Ry, = {0°}. By construction in stage 1 we know that S(by, 0%) =? for all
k € N. Thus Ry, ¢ EX,,,(Az.S(bo, x)).

Case (ii). 1 <t < m.
Then there exists an f' € Ry, listed in or before stage ¢t —1 and an f € R, listed
in stage t such that

f=fkjt=#f
for some k e N. Singe f ;é 1, we have QO?(bo,f'[k]) -+ f" or w?(bojf[k}) # f. But as
there is no new function listed in stage t 4+ 1, we obtain

S(bg,f’[n]) = S(bo,f/[k?]) = S(bo, f[k]) = S(bo, f[n])
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for all n > k. Therefore on f or on f’ the strategy Ax.S(by,x) must pro-
duce a sequence of hypotheses converging to an incorrect index. This implies
R, & EX,(Az.S(bo, x)).

Case (iii). t =m + 1.
Then there exists an ' € Ry, listed in stage m and an f € Ry, listed in stage
m + 1 such that

f=FEm+1)>#f
for some k € N with card {n < k | 7 # S(bo, f'[n]) # S(bo, f'[n+ 1])} = m.

Since f # f’, we have gpg?(bo’f,[k]) # [ or gpg?(bo’f[k]) # f. Therefore on f or on

[’ the strategy Az.S(bo, z) must produce a sequence of hypotheses converging to
an incorrect index or change its hypothesis at least m + 1 times. This implies

Ry, ¢ EX,(Az.S (b, x)).
Thus we have verified 2. qged 2.

Properties 1 and 2 together now imply that there is some b € B satisfying
Ry ¢ EX,,(Ax.S(b,x)) in contradiction to (6). Therefore our assumption must
have been wrong and we conclude B ¢ suit(J*, EX,,).

Altogether we obtain B € suit,(J*, EX;,41) \ suit(J*, EX,,). Since m was
chosen arbitrarily, this proves Theorem 9. 0

As the set
B:={b € N|R, is finite and ¢* € R* and Ry, € (EX;41),0 (Enum )}

defined in the previous proof (for some m € N) is suitable for uniform class-
preserving identification with respect to the numberings ¢ (b € B), we obtain

B € suit,(J*, CP) \ suit(J*, EX,,) .
This leads us to the following corollary.

Corollary 2 suit,(J*, CP) \ suit(J*, EX,,) # 0 for all m € N.

In order to complete a strict version of the hierarchy in Lemma 1.2, note
that suit,(J*, EX,,) C suit,(J*, EX) for all m € N, because suit,(J*, EX,,) C
suity,(J*, EX;pq1) C suit,(J*, EX). Of course a similar argumentation implies
strict inclusions in the 7-case.

Corollary 3 suit,(J*, EX,,) C suit,(J*, EXpy1) C suit,(J*, EX) for allm € N
(analogously with suit, instead of suit, ).
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4.3 The Hierarchy in Lemma 1.3

This subsection is concerned with the investigation of the uniform learning hier-
archy given by the criteria CP, TOTAL, CONS, CONF and EX. First we want
to prove, that suit,(J*, CONF) is indeed a proper subset of suit,(J*, EX). This
will be achieved by proving a much stronger result stated in Theorem 10.

Theorem 10
1. suity,(J*, EXy) \ suit(J*, CONF) # 0,
2. suit,(J*, CEX) \ suit(J*, CONF) # (.

Proof. We use a strategy T' € R to define a description set B C N suitable for
uniform identification in the limit by 7. T" will change its mind on the relevant
functions at most once and all intermediate hypotheses produced will be correct
or convergently incorrect with respect to the given numberings ¢°, b € B. The
set B shall describe only finite recursive cores and will not be suitable for uniform
conform identification.

Definition of B € (suit,(J*, EXq) N suit,(J*, CEX)) \ suit(J*, CONF).
Define a strategy T € R by

0 if f[n] € {0,1}*

T(f[n]) := {max{f(0)7 ...,f(n)}—1 otherwise

for arbitrary f € R and n € N. Then set
B :={be N | Ry is finite and Ry € (EX;)(T) NCEX+(T)} .
Claim. B € (suit,(J*, EX;) Nsuit,(J*, CEX)) \ suit(J*, CONF).

Proof of “B € suit,(J*, EX) N suit,(J*, CEX)”.
Defining 77 € R? by T'(b, f[n]) := T(f[n]) for all f € R and b,n € N we obviously
have

e Vbe B[R, € JY,

o Vb€ B[R, € (EXy),»(Ae.T'(b, x)) and Ry, € CEX s (Az.T" (b, z))].
By Definition 12 this implies B € suit,(J*, EX;) N suit,(J*, CEX).
Proof of “B ¢ suit(J*, CONF)”.

We will verify this claim by way of contradiction.
Assumption. B € suit(J*, CONF).
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Then there exists a strategy S € P? such that for any b € B there is a
hypothesis space 1) € P? satisfying R;, € CONF,,(Az.S(b, z)); abbreviated

Vb € B [R, € CONF(Az.S(b, x))] . (9)
Aim. Construction of an integer by, such that
1. by € B,
2. Ry, € CONF(A\z.S(bo,x)),

in contradiction to statement (9). The strategy A\xz.S(by, z) will fail for at least
one function f € Ry, by either

e changing its hypothesis for f infinitely often or
e not terminating its computation on input of some initial segment of f or

e violating the conformity demand on input of some initial segment of f.

Construction of by.
Define a function n € P? by the following instructions: for b € N set 13(0) := 0
and go to stage 0.

Stage 0.

For the definition of further values of 1 compute S(b,0), S(b,00), S(b,01).
If these values are all equal, we append zeros until we observe that the strategy
Az.S (b, z) changes its mind on the initial segment constructed so far. Other-
wise we just append one value ¢ € {0, 1}, such that S(b,0) # S(b,0t). Anyway
we define n%(2) := 0, which will prevent the learner T from returning hypothe-
ses corresponding to proper subfunctions of the functions to be learned, that
means identification with convergently incorrect intermediate hypotheses is en-
abled. Formally:

0 if S(b,0) A S(b,00)] A S(b,01)] and

[S(b,0) # S(b,00) or S(b,0) = S(b,00) = S(b,01)]
(1) == <1 S(b,0)] AS(b,00)] AS(b01)] and

S(b,0) = S(b,00) and S(b,0) # S(b,01)
| T otherwise
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For any x > 0 define

0 it S(b,0)L A S(b,00)] A S(b,01)] and
S(b,0) = S(b,00) = S(b,01) and
Ve < o (SOl <o v S, 7El2]) = S(b, 1)
1 it S(b,0)7 Vv S(b,00)] V S(b,01)]

temporarily otherwise

778(:15 +2) =4

| suspended

The functions 1% and 75 are defined as follows: 7%[2] := 002, n4[2] := 013. Both
functions will be extended by zeros until the values S(b,0), S(b,00), S(b,01) are
computed and the definition of 7 is temporarily suspended (if these conditions
are never satisfied, we obtain 7% = 0020 and 15 = 0130*°). Formally we define
for x > 0:

0 if [S(b,0)]<, V S(b,00)7 <y V S(b,01)] <] or
[S(b,0) = S(b,00) = S(b,01) and
Ve < [S(bmg[)<e V S mglz]) = S(b,m5)]]

T otherwise

ni’(:ﬁ +2):= ng(x +2):=

Compute the number

min{n € N | the definition of nj(n + 1) if such a minimum exists
Y1 = is temporarily suspended in stage 0}
T otherwise
If 9, is defined, then go to stage 1. End stage 0.

From the construction in stage 0 we observe the following Fact.

Fact 3
1. If stage 1 is reached, then

e v, >0 and S(b,nj[n]) # S(b,n3[0]) for somen € {1,...,y1}
(i.e. Ax.S(b,x) is forced into a mind change),

° nl{ = 0020™7°° and 773 = 0130™1°° for some m € N;
2. if stage 1 is not reached, then

e 172 = 0020 and n = 0130>,
e 7 € {0707%,0°}; in particular
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b =0101% iff S(b,0)1 V S(b,00)] V S(b,01)1,
— 0% =0 iff S(b,0) = S(b,00) = S(b,01) = S(b,0™) (€ N) for any
m € N;

3. m5(2) is defined and 15(2) # 17(2), n6(2) # n3(2).

Now we formulate the instructions for stages k, k > 1.

Stage k for k > 1.

For the definition of further values of 1 compute S(b, n8[yx]), S(b,n5[yx]0),
S(b,ny[yx]1). If these values are all equal, we append zeros until we observe that
the strategy Az.S(b, ) changes its mind on the initial segment constructed so
far. Otherwise we just append one value ¢t € {0,1}, such that S(b,n5[yx]) #
S(b,n[yr]t). Again we set n(y + 2) := 0 in order to enable identification with
convergently incorrect intermediate hypotheses for the learner T'. Formally:

(0 if S(b,mlyl0)L A S(b,mlyl1)] and
[S(b. nblnl) # (b nb[yJ0) or

S (b, nolye]) = S(b, nilyk]0) = S(b, mg[yx]1)]

WD =0 S g0l A Sl and
S(b,mglyr]) = S(b,nblyk]0) and S(b, 1g[yx]) # S (b, nolys]1)
(T otherwise
my(ys +2) == 0

For any x > y; define

(0 if S(b,78ly)0)L A S(b,mlyx] 1)l and

S(b, nolye]) = S(b,nbyx]0) = S(b, nh[ye]1) and
for all z € {yg,...,x}

(e +2) = [S(b,nb[2D)T<a v S(b,mg[2]) = S(b,m6[y])]
1 if S(b, nglye]0)T vV S(b,m[ys] 1)1

temporarily otherwise

\ suspended

The functions 75, , and 75, , are defined as follows:

N Wi +2] := nb[yr]0(2k+2), nbyolye+2] == 18k 1(2k+3). Both functions will
be extended by zeros until the values S (b, n§[yx]0) and S (b, nS[yx|1) are computed
and the definition of 7 is temporarily suspended (if these conditions are never
satisfied, we obtain 13, = nf[yr]0(2k + 2)0> and n5,_, = nblyx]1(2k + 3)0°).
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Formally we define for > y:

0 if [S(b,mylyrl0)T<e vV S(b,nflys]1)1<a] or
[S (b, m5lyx]) = S(b,mt[ye]0) = S(b, 15 [yx]1)

n§k+1(;z:+2) :ngk+2(ﬂc+2) = and Vz € {yg,...,x}

[S(b,n5[z)T <o Vv S(b,m5[2]) =S (b, 15[ys])]]

|1 otherwise

Compute

min{n € N | the definition of nj(n + 1) if such a minimum exists
Ykt1 = is temporarily suspended in stage k}

1 otherwise
If yp11 is defined, go to stage k + 1. End stage k.

By analogy with Fact 3 we obtain:
Fact 4 Fiz k > 1.

1. If stage k + 1 is reached, then

o Yur1 > Yy and S(b,ng[n]) # S(bmg[ye]) for somen € {yx+1,... yrs1}
(Ax.S(b, z) is forced into a mind change),

o Wpir = Molkl0(2k + 2)0™ 1% and nb, = nblye]1(2k + 3)0™ 1> for
some m € N;

2. if stage k is reached and stage k + 1 is not reached, then
® M1 = Mo[Yk]0(2k +2)0 and 0%, = 15[y 1(2k + 3)0%,
o 16 € {nolyl 107%,m0[ye]0}; in particular
= 16 = nolye] 101°° iff S(b, nilya)O)T v S(b, 1lyx] 1)1,
— g = nglye] 0 iff

S(b,m5lyr]) = S(b,m5[ye]0) = S(b, mg[ya]l) = S(b mg[ys]0™) (€ N)
for any m € N;

3. no(yn+2) is defined and 15 (ye+2) # N3 1 (Yn+2), 16(We+2) # N3 o (Yn+2).-
Fact 5 Our construction obviously yields
1. mg(nt) € {01},

2. if v € N, then max(rng(n’,,)) = = + 2 with rng(n’,,) C {0,1,z + 2} or
rng(nys) = 0,
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3. ny ¢ b,y for allz € N.

Fact 6 Fact 4 implies

1. if in the construction of n° all stages k (k € N) are reached, then we have
Rnb = {778}:

2. if stage k (for some k € N) is the last stage to be reached, we obtain
Ry = {778777127k+177712)k+2} or Ryp = {7712)19+17773k+2}-

Now let ¢ € R be a compiler function such that 9 = n® for all b € N. Such

a function g exists, since 7° was defined uniformly in b. The recursion theorem
then yields an integer by € N satisfying p% = 9®0). Thus we have @’ = nbo.
End Construction by.

In order to contradict phrase (9) we will prove the following statements.
1. by € B,
2. Ry, € CONF(A\z.S(bg,x)).

ad 1.

R, s finite. This is a consequence of Fact 6, because either all stages in the
construction of 7{° are reached or there must be some number k € N, such that
stage k is the last stage to be reached.

Ry € (BX1)00(T) NV CEX o (T): Assume f € Ry,. It suffices to consider the
following two cases.

Case (i). f =,
By Fact 5 we have rng(f) C {0,1} and thus T(f[n]) = 0 for any n € N by
definition of 7. Therefore {f} € (EXy)0 (1) N CEX b, (T).

Case (ii). f = @™, for some z € N.

By Fact 5 we know that max(rng(f)) = « + 2. The definition of 7" then im-
plies T'(f[n]) = x + 1 for all but finitely many n € N. Thus {f} € EX_u(T).
Since rng(f) C {0,1,z + 2} by Fact 5.2, the strategy 7' changes its mind on f
at most once. Furthermore T(f[n]) € {0,z + 1} for all n € N. As ¢* ¢ %,
all incorrect hypotheses produced by T on f are convergently incorrect. Hence

{f} € (EX1) 0 (T) N CEX o (T).
This yields Ry, € (EX1) 0 (T) N CEX s (T') and hence by € B. qged 1.

ad 2. Assume by way of contradiction that R, € CONF(Az.S(bg,x)). Then
there must be a numbering ¢ € P?, such that Ry, € CONF,(Az.S(by,x)). By
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Fact 6 it suffices to consider the following three cases.

Case (i). Ry, = {@l}.

Then by Fact 4 all stages are reached in the definition of n%. With Fact 4.1 we
observe that in the identification process for 9080 the strategy Az.S(by, x) changes
its hypothesis infinitely often. This contradicts Ry, € CONF(Ax.S (b, z)).

Case (ii). Ry, = {5, 1,055} for some k € N.

In this case we obtain S(bo, ©%% 1 [yx + 1])T or S(bo, ©5%, o[yx + 1])T from Fact 4.2,
although Az.S(bo, z) ought to be defined on input of any initial segment of gog‘}c 41
and ©% . ,. Again this yields a contradiction to Ry, € CONF(Az.S(bo, z)).

Case (iii). Ruy = {00, 0% 11, oo} for some k € N.
Then stage k is reached and stage k + 1 is not reached. Furthermore we have

ii= S0 @l + 1) = S0, l0) = S(bo, 17 9] 1)
= S(bo, 2% olyr + 1))

although % [yx + 1] # ©%% o[y + 1]. Therefore i cannot be a y-number for
both %, 41 and o 4o+ We distinguish between two possibilities.

Case (iii)a. ¥;(yx + 1)7T.

Then ¢; ¢ R and in particular ¢; # @}, But S(bo, ¢ [yr]) = i and by Fact 4.2
we know S(bg, ¢i°[n]) = i for all but finitely many n € N. Hence the sequence
of hypotheses produced by Az.S(bg, z) on the function gogo converges to an index
incorrect for o with respect to ¢. This contradicts Ry, € CONF,(Az.S(by, )).

Case (iii)b. ¥;(yp +1) € N.

Then i cannot be conform for both 5., | [yx+1] and 52, [y,-+1] with respect to 1),
although on input of initial segments of ¢, 41 and % . the strategy Az.S(bo, v)
ought to return just hypotheses conform with respect to @. Again this yields a

contradiction to Ry, € CONFy(Az.S(by, z)).

In each of our cases we reached a contradiction. Since further cases cannot
occur, we conclude Ry, € CONF(Az.S(by, x)). qed 2.

Claims 1 and 2 together now contradict statement (9). Therefore our as-
sumption must have been wrong, i.e. B ¢ suit(J*, CONF). Altogether we have
B € (suity,(J*, EXy) N suit,(J*, CEX)) \ suit(J*, CONF). This completes the
proof. O

Since suit,,(J*, EX;) C suit,(J*, EX), this yields the following result:
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Corollary 4 suit,(J*, EX) \ suit(J*, CONF) # 0.

So we have also verified, that the set suit,(J*, CONF) is a proper subset
of suit,(J*, EX), as well as the corresponding result for uniform learning with
respect to 7. By analogy we want to separate the criteria CONS and CONF. For
that purpose we use the stronger result in Theorem 11.

Theorem 11 suit,(J*, CONF) \ suit(J*, CONS) # 0.

Proof. Again we use a uniform strategy T' € P? to define a description set
B C N suitable for uniform conform identification in the limit by 7. The set
B shall describe only finite recursive cores and will not be suitable for uniform
consistent identification.

Definition of B € suit,(J*, CONF) \ suit(J*, CONS).
Define a strategy T € R by

() = {?nax{ F0),. . f()y — 1 ftﬂ;lviese{o’ !
for arbitrary f € R and n € N. Then set

B :={be N| Ry is finite and R € CONF(T)}.
Claim. B € suit,(J*, CONF) \ suit(J*, CONS).

Proof of “B € suit,(J*, CONF)”.

Defining 7" € R? by T'(b, f[n]) := T(f[n]) for all f € R and b,n € N we obviously
have

e Vbe B[R, € JY,

e Ve B [Rb S CONF@()\ZL‘.T’([), :L‘))]
By definition of uniform identifiability this implies B € suit,(J*, CONF).
Proof of “B ¢ suit(J*, CONS)”.

We will verify this claim by way of contradiction.

Assumption. B € suit(J*, CONS).
Then there exists a strategy S € P? such that for any b € B there is a
hypothesis space 1) € P? satisfying R;, € CONS,,(Az.S(b, z)); abbreviated

Vb € B [Ry, € CONS(Az.S(b,2))] . (10)

Aim. Construction of an integer by, such that
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1. by € B,
2. Rbo ¢ CONS()\]?S(bo,$>>,

in contradiction to statement (10). The strategy Az.S(by, ) will fail for at least
one function f € Ry, by either

e changing its hypothesis for f infinitely often or
e not terminating its computation on input of some initial segment of f or

e violating the consistency demand on input of some initial segment of f.

In order to deduce a contradiction it suffices to prove that one of these three cases
must occur. Which of these cases actually occurs for the constructed integer by,
does not have to be decidable.

Construction of by.

For arbitrary b € N set (b, z,0) := 0 (for any = € N) and define 7(b, 0, 1) by the
following instructions:

n(b,0,1) :=“Compute S(b,0). Look for a ¢t € {0,1} such that S(b,0t)] and
S(b,0t) # S(b,0). Put out the first ¢ you find.”

Fact 7 The definition of n(b,0,1) implies
1. Ifn(b,0,1)], then S(b,ns[1]) # S(b,n5[0]), i.e. A\x.S(b,x) is forced to change

its mind.

2. n(b,0,1) is undefined if and only if S(b,0)7 or neither S(b,00) nor S(b,01)
is defined with a value differing from S(b,0).

Furthermore define for any y > 1:

(0 ify=1
2 ify=2
0 if y > 2 and either S(b,0)7 or
77(b, 1, y) =
[S(b,00)T<, V S(b,00) = S(b,0)]
A [S(b,01)T<, V S(b,01) = S(b,0)]
(T otherwise
( ify =1
n(b.2,y) = {3 ity =2
(7(b,1,y) otherwise

The values 7(b, 1,2) = 2 and n(b,2,2) = 3 will allow our strategy A\z.T'(b,x) to
identify 7% and 73 in the limit, if these functions are recursive.
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Fact 8 The following statements are equivalent.
e 1% and nb are recursive functions,
o 1Y = 0020 and n = 0130,
e 1(b,0,1) is undefined.
In general, we define for arbitrary z,y € N:

n(b,0,y + 1) :=“Compute S(b, n4[y]). Look for a t € {0,1} such that S(b, n4[y]t)|
and S(b,n5[y]t) # S(b,nS[y]). Put out the first ¢ you find.”

Fact 9 By analogy with Fact 7 the definition of n(b,0,y + 1) implies
1. If n(b,0,y + 1)], then S(b,nS[y + 1]) # S(b,n8[y]), i.e. Ax.S(b, ) is forced

to change its mind.

2. n(b,0,y + 1) is undefined if and only if S(b,ny[y])T or neither S(b,n%y]0)
nor S(b,nb[y]1) is defined with a value differing from S(b,nj[y]).

Furthermore define:

m(y) ify<uz

0 ify=x+1
20+ 2 ify=x+2
nb,2x +1,y) = <0 if y > 2+ 2 and either S(b,n%[z])T or

[S(b,m5[x]0)T<y Vv S(b,m5[x]0) = S (b, mg[])]
A S ol )T<y v S(b,mglz]1) = S(b, ngl])]

kT otherwise
(1 ify=a+1
n(b,2x +2,y) = (2x+3 ify=o+2

(7(b, 20 +1,) otherwise

The values n(b,2z + 1,2 4+ 2) = 22+ 2 and 7(b, 2z + 2, x + 2) = 2x + 3 will allow
our strategy Az.T'(b, x) to identify 55, , and n5, ., in the limit, if these functions
are recursive.

Fact 10 By analogy with Fact 8 the following statements are equivalent.
° ngw 41 and ngx 4o are recursive functions,

o 7739:4—1 = 778[95]0(295 + 2)000 and 773x+2 = 778[33]1(233 + 3)0007
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o 77‘(2(0), ...ny(x) are defined and n(b,0,z + 1) is undefined; n C n5,.1, 0 C
T2 42+

Fact 11 From Fact 9 and Fact 10 we can deduce that for any b € N ezactly one
of the following cases occurs.

1. ny€R or

2. p5yin €ER and b, 5 € R for exactly one integer x € N.
Fact 12 Assume f € R,p. From Fact 11 and the Definition of n we conclude
1. if rng(f) C {0,1}, then f =nf;

2. if rng(f) € {0,1}, then f = nf’nax(mg(f))fl and n% C f.

Now let ¢ € R be a compiler function such that p9®) = n® for all b € N. Such

a function g exists, since n° was defined uniformly in b. The recursion theorem
then yields an integer by € N satisfying % = ©9®0) Thus we have @ = nbo.

End Construction by.

In order to contradict phrase (10) we will prove the following statements.
1. by € B,
2. Ry, ¢ CONS(Az.S(bo, x)).

ad 1. Fact 11 implies that Ry, (= R,p) is finite. From Fact 12 and ¢ = n® we
can conclude that Ry, € CONF, (T). Thus by € B. qed 1.

ad 2. We distinguish between two cases.

Case (i). o € R.

From Fact 9 we know that the strategy Az.S(by,x) changes its hypothesis in-
finitely often on the input sequence (¢%[n])pen. Thus we even conclude Ry, ¢
EX(Az.S(by, x)) and in particular Ry, ¢ CONS(Ax.S(by, z)).

Case (ii). p%.; € R and ¢%,., € R for some = € N.
Again we distinguish between two cases.

Case (ii)a. S(by,ni°[z]t) is undefined for at least one t € {0, 1}.

Then the definition of 75 4+ and nhe 4o implies S(by, e +lz+1])7 for at least one
r € {1,2}. Since 7%, € Ry, and 752, , € Ry, we know Ry, ¢ EX(Az.S(by, 7))
and in particular Ry, ¢ CONS(Az.S (b, )).
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Case (i3)b. S(bo,n°[2]0)] and S(by, ne°[z]1)].
From Fact 10 and Fact 9.2 we conclude

S (bo, m5° [2]0) = S(bo, 1" [2]1) (= S(bo, 7" [2])) -

But the hypothesis S(bo, 7¢°[2]) (= S(bo, 7551 [x + 1]) = S(bo, 735 4ol + 1])) can-
not be consistent for both 7. [z + 1] (= 7 [2]0) and 7%, [z + 1] (= n[z]1).
Therefore Ry, ¢ CONS(Ax.S(by, z)).

Thus also in Case (7i) we have R;, ¢ CONS(Az.S(bg, x)).

Because of Fact 11 further cases cannot occur. This proves our second state-
ment, namely R;, ¢ CONS(Az.S(by, x)). qged 2.

Claims 1 and 2 together now contradict statement (10). Therefore our as-
sumption must have been wrong, i.e. B ¢ suit(J*, CONS). Altogether we have
B € suit,(J*, CONF) \ suit(J*, CONS). This completes the proof. O

So, the results CONS € CONF C EX can also be transferred to uniform
learning with respect to 7 and the numberings given a priori by ¢. Again, finite
classes are sufficient for the separations.

In order to prove suit,(J*, TOTAL) C suit,(J*, CONS) (and the same result
for suit,) we can use Theorem 12. We even obtain

suit,(J*, CONS) \ suit,(J*, TOTAL) # 0,

because suit, (J*, TOTAL) C suit,(J*, CEX). A separation of the inference cri-
teria CP and TOTAL can not be achieved analogously. We will discuss this case
later.

Theorem 12
1. suit,(JY, EXy) \ suit-(J*, CEX) # 0,
2. suit,(J', CONS) \ suit,(J*, CEX) # 0.

Proof. Again we use a uniform strategy T' € P? to define a description set B C N.
The corresponding classes of functions will by definition be uniformly identifiable
by T with consistent intermediate hypotheses and no more than one mind change.
The set B shall describe only singleton recursive cores and will not be suitable
for uniform CEX-identification with respect to our acceptable numbering 7.

52



Definition of B € (suit,(J*, EX1) N suit,(J*, CONS)) \ suit,(J', CEX).
Define a strategy T' € P? by

0 it0¢ {f(0),...,f(n)}
min{i > 1| Ja € (N\ {0})* if0e€ {f(0),...,f(n)} and

[@0 C b and a0 C f]} such a minimum is found

T(b, f[n]) :=
T otherwise
for f € R and b,n € N. Then set
B:={beN|card Ry =1 A Ry € (EX;)(Ax.T(b,2)) NCONS s (Ax.T(b,))} .

Claim. B € (suit,(J', EX;) Nsuit,(J', CONS)) \ suit,(J', CEX).

Proof of “B € suit,(J', EX1) N suit,(J', CONS)”.
We obviously have

e Vbe B[Ry € JY,
e T € P> Vb e B[Ry € (EXy) (M. T(b,z)) N Ry € CONS s (Az.T(b, z))].
By Definition 12 this implies B € suit,(J*, EX;) N suit,(J!, CONS).

Proof of “B ¢ suit.(J', CEX)”.
We will verify this claim by way of contradiction.

Assumption. B € suit,(J', CEX).
Then by Proposition 3 there exists a strategy S € R? such that R, €
CEX,(Az.S(b,z)) for any b € B; abbreviated

Vb € B[Ry, € CEX, (A\z.S(b,x))] . (11)
Aim. Construction of an integer by, such that
1. by € B,
2. Ry, ¢ CEX,(Az.S(bo,x)),

in contradiction to (11). The strategy Az.S(bo,z) will fail for the only function
f € Ry, by either

e changing its hypothesis for f infinitely often or

e generating a hypothesis incorrect for f with respect to 7 for infinitely many
initial segments of f or

e guessing a T-number of a proper subfunction of f on input of some initial
segment of f.
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Construction of by.
Define a function ¢ € P3 with the help of initial segments a? (b, k € N) as fol-
lows: for arbitrary b € N set af := 1 and begin in stage 0.

Stage 0.
Let 15(0) := 1 and e := S(b,af). Start a parallel computation until (%) or (ii)
turns out to be true.

(i). 7.(0) is defined and 7.(0) # 1.
(i1). There is an integer y > 0 such that 7.(y) is defined.

The function ¢? shall have the initial segment 0 which will be extended by
a sequence of 0’s, until (i) or (i) turns out to be true:

(1 ifz=0
0 ife=1
’() := <0 if # > 1 and neither (i) nor (i) is fulfilled

within x steps of computation

| T otherwise

for z € N.

If condition (i) turns out to be true first, then 1§ shall have the initial segment
af which will be extended by a sequence of 1’s, until Ax.S(b, z) is forced to change
its mind on §; then o} shall be the initial segment of 1§ constructed so far. More
formally:

If condition (i) turns out to be true first, set for z € N:

1 iftz=0
Yo(z) =<1 if x>0 and S(b, [z —1])=e¢
see stage 1  otherwise

If stage 1 is reached in this definition, let j§ € N be the minimal integer such that
18(58) has been defined in stage 0. Let

b Y858 if b is defined
ay =
! T otherwise
If condition (4) turns out to be true first — with 7.(yo) | — then o} =
adl... 1(7.(yo) + 1), where the last argument in the domain of o} is y5. Go

to stage 1.
Note that 1§ remains initial if neither (i) nor (i) is fulfilled.  End stage 0.

Fact 13 The construction in stage 0 implies
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1. ¥ € R if and only if Tt S 11 (C YY),

2. if Y8 ¢ R and ob7, then ¢ = af1° € R and the sequence of hypotheses
produced by A\z.S(b,z) on ¥y converges to an index incorrect for Y with
respect 1o T,

3. if Y8 ¢ R and o], then o C ob C 8; furthermore

(a) S(b,a}) # S(b,ag) or
(b) S(b, f]0]) is incorrect with respect to T for any f € R satisfying o} C f,

Proof of Fact 13.
ad 1. We have ¢} € R if and only if ¢? = 10 if and only if neither (i) nor
(1) is fulfilled. This is equivalent to

[7.(0)T V7e(0) = 1] A [re(y)T for all y > 0] .

Thus ¢ € R if and only if TSt = Te & 11°°C 10 = .

ad 2. Tf ¢ ¢ R and b7, then ¢§ = a1 € R follows from the construction
for the case that condition (i) turns out to be true first. Then we also obtain
S(b,[x]) = e for all x € N, although 7.(0) # 1 = ¥5(0) by condition (). So
the sequence of hypotheses returned by Az.S(b,z) on § converges to a wrong
T-number.

ad 3. If % ¢ R and o} |, then o} C o} C ¥ by definition. Further-
more, as 1} ¢ R, at least one of the conditions (i), (ii) must be fulfilled in
stage 0. If condition (i) is fulfilled first, then S(b,ab) # S(b,af) by the con-
struction of ¢§. If condition (7i) is fulfilled first — with 7g41)(yo) | — then
Tswato) (Yo) = Tsm1)(Y0) 7# Ts(v,1)(Yo)+1 = a4 (yo), therefore in this case S(b, f[0])
is incorrect with respect to 7 for any f € R satisfying o C f. ged Fact 183.

Now we iterate the construction in stage 0. In general, for £ € N stage k£ is
used for the definition of ¢}, ;. If stage k is never reached, then ¢}, will be the
empty function.

Stage k.
We know that ¢4(z) = ab(z) for all x < |ab]. Let e := S(b,al). Start a
parallel computation until (7) or (i) turns out to be true.

(i). There is an integer y < |a?| such that 7.(y) is defined

and 7.(y) # aj(y).
(ii). There is an integer y > |a?| such that 7.(y) is defined.
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The function 1} +1 shall have the initial segment a0 which will be extended
by a sequence of 0’s, until (%) or (i) turns out to be true:

(ozz(x) if v < |af]

0 if z = |al|
Yr(2) =140 if z > |a?| and neither () nor (ii) is fulfilled
within z steps of computation

T otherwise

for z € N.

If condition (i) turns out to be true first, then 1§ shall have the initial segment
ab which will be extended by a sequence of 1’s, until Az.S(b, z) is forced to change
its mind on §; then a? 41 shall be the initial segment of Y% constructed so far.
More formally:

If condition (i) turns out to be true first, set for z € N:

b 1 if x> |ab] and S(b, Y[z —1]) =e
Yo(x) = .
see stage £+ 1 otherwise

If stage k + 1 is reached in this definition, let 52 € N be the minimal integer such
that ¢%(j2) has been defined in stage k. Let

b {wg[j;;] if j® is defined

Qpt1 = .
T otherwise

If condition (i) turns out to be true first — with 7.(y;) | — then of,, =

ob1...1(7e(yr) + 1), where the last argument in the domain of a}, is yx. Go to

stage k + 1.
Note that ¥} remains initial if neither () nor (i) is fulfilled.  End stage k.

Fact 14 The construction in stage k implies
1. Y, € R if and only if o} and Tsmat) © b1 (CYh,y),

2. iflpZH ¢ R and aZHT, then ¢ = ab1%° € R and the sequence of hypotheses
produced by \z.S(b,x) on ¥ converges to an index incorrect for 1§ with
respect to T,

S ifp., ¢ R oand ol ], then of C ol C Yf; furthermore

(a) S(b,ap. ) # S(b,ay) or
(b) S(b, f[lak| — 1]) is incorrect with respect to T for any f € R satisfying
O‘2+1 C f7
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This fact can be verified in a way similar to the proof of Fact 13.
Now let g € R be a compiler function such that ¢9® = ¢ for all b € N. Such
a function g exists, since 1)° was defined uniformly in b. The recursion theorem
then yields an integer by € N satisfying % = ¢9(%) Thus we have g% = )b,
Therefore all facts mentioned above hold analogously, if we substitute 1)° by ¢%
and b by by everywhere.
End Construction by.

Fact 15
1. 0.¢ rng(a) for all k € N,

2.0 ¢ rg(pl),

3. there is exactly one index i € N such that ¢ € R.

Proof of Fact 15. Properties 1 and 2 follow immediately from the construction.
For the third property argue by distinguishing two cases as follows:

Case (i). o] for all k € N,

Then 9080 is a recursive function by construction. Assume @i‘)ﬂ € R for some
k € N. Fact 14.1 then tells us that Ts(bo,al0) C aZOT‘X’ and so neither property (i)
nor property (i) are fulfilled. As we have already mentioned in the description
of stage k, this implies that o is an initial function. This contradicts ¢} € R.

Therefore 0 is the only ¢”-number of a total function.
Case (ii). There is some k € N such that {°| and o}’ 7.

Case (ii)a. o2 € R.

By the same argumentation as in Case (i) we obtain ¢, ..., gozoﬂ ¢ R. Now,
since 04211 T, stage k + 1 is not reached in the construction of *. Therefore
% ¢ R for all z > k+1. Thus again 0 is the only p®-number of a total function.

Case (ii)b. o} ¢ R.

If (i) or (ii) were fulfilled in the parallel computation in stage k, we would have
either 0‘20+1l or 90’50 € R, which is a contradiction to our assumptions in this case.
So neither (i) nor (i) is fulfilled. This yields ¢}, € R. If for some x € {1,...,k}
the function ¢ was recursive, then aZO would be undefined. So gpl{(’, cee (,OZO ¢ R.
As a}°, |1, we obtain % ¢ R for all ¥ > k + 1 as in Case (ii)a. Hence k + 1 is
the only p*-number of a total function.
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Further cases cannot occur, so there is exactly one index ¢ € N, such that
go?o € R. This proves Fact 15. ged Fact 15.

In order to contradict phrase (11) we will prove the following statements.

1. by € B,

2. Ry, ¢ CEX,(Az.S(bo, x)).

ad 1. Fact 15.3 implies Ry, € J 1. Therefore it remains to prove that Ry, €
(EX1) b0 (Az.T'(bo, 2)) N CONS s (Az.T (bo, )). We consider two cases.

Case (i). Ry, = {@}.
Because of Fact 15.2 we have 0 ¢ rg(o%), and hence T(by, X [n]) = 0 for all
n € N. Thus Ry, € (EX1),b0 (Az.T'(bo, x)) N CONS by (Az.T'(bo, 7)).

Case (zz) Ry, = {¢%,} with k € N.
Then ¢°, |, = aZOOOO and 0 ¢ rng(al) (see Fact 15.1).
For all n < |a;°| we obtain T'(by, 9% [n]) = 0 by definition of 7. Then

bo _ bO
=n Ppii- SO our

a)? C op according to stage k, which yields (PT (b0, 1))
k1

intermediate hypotheses are consistent 1n the first steps of the learning process.

Now for all n > |a2| the segment o is the only tuple in (N\ {0})* satistying

bop C gokH So for all n > |a}°| the hypothesis T'(by, ¢} ,[n]) will be the first
number 1 to be found such that ozZOO - <p;’°.

As QOZOH ¢ R, we know that O‘ZOH is undefined, so % =1°° and in particular
af® & b for all z > k + 1. Hence T'(bo, )%, [n]) < k+1 for all n € N.

By Fact 15.2 we know that 0 ¢ rng(¢¥) and so a0 ¢ ¢¥. Therefore
T(bo, ¢}, [n]) # 0 for all n > |}’

If k = 0, we have already verified T'(by, )", ,[n]) = k + 1 for all n > |a}?|.
Now if k >0 and z e {l,...,k} we know that ¢ = a’ 0™ for some m € N.
Since o | C o and 0 ¢ rng(a?), this yields a?°0 Z @b for all x € {1,...,k}.
The only hypothesis remaining is k + 1, i.e.

T (bo, ‘PZOH[n]) = {

for arbitrary n € N. As this results in just one mind change and the intermediate
hypothesis 0 is consistent in the first steps of the learning process, we conclude
Ry € (EX1) 0 (A2. T (bo, ) N CONS oo (Az.T'(bo, ).

0 if n < |ab|
E+1 ifn>|ab|

Since card {i € N | gobo € R} = 1 by Fact 15.3, further cases cannot occur.
This implies Ry, € (EX1)00 (A2.T'(bo, ) N CONS by (Az. T (bo, z)) and we con-
clude by € B. qged 1.
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ad 2. Because of Fact 15.3 it again suffices to regard two cases.

Case (i). Ry, = {@}.

Then on 9080 the strategy Az.S(bg,x) changes its hypothesis infinitely often or
returns a hypothesis incorrect with respect to 7 infinitely often (see Fact 14.3).
We obtain Ry, ¢ EX,(Ax.S(by, x)) and in particular Ry, ¢ CEX,(Az.S (b, )).

Case (ii). Ry, = {¢}°,} with k € N.
With Fact 14.1 we have
bo 100 bo oo b
TSttt ) S Q1 C a0 =0
for some n € N. Hence S(by, ¢} ,[n]) is a 7-number of a proper subfunction of
ov., for this integer n. We conclude Ry, ¢ CEX,(Az.S(bo, z)).

In both cases we have verified Claim 2. ged 2.

Altogether we see, that R, ¢ CEX,(Az.S(b, z)) for at least one b € B, which
contradicts (11). Thus our assumption is wrong, i.e. B ¢ suit,(J', CEX) and so
suit,(J1, EXy)\suit, (J', CEX) # 0 and suit,(J', CONS)\suit,(J!, CEX) # 0. O

As we have already mentioned above, Theorem 12 implies suit,,(J/*, TOTAL) C
suit,,(J*, CONS) (and the same result for suit,). For the separation of the criteria
CP and TOTAL we have to be more careful, as Proposition 4 shows.

Proposition 4 suit,(CP, CP) = suit,(CP, TOTAL).

Proof. Assume B € suit,(CP, TOTAL). Then there exists a strategy S € P?
such that R, € TOTAL,(Az.S(b,x)) for all b € B. This implies for arbitrary
be B:

[} Rb c EXL‘Db(/\Q?S(by x))a
o VfeRyVneN g, ) € R

Since ¢%(b,f[n]) € R implies @g(b’f[n]) € R, (by definition of R;), we obviously
have B € suit,(CP,CP)(S) and thus suit,(CP, TOTAL) C suit,(CP,CP). The
opposite inclusion follows immediately. 0

Still, if we consider uniform learning of finite classes with respect to our ac-
ceptable numbering 7, the separation of CP and TOTAL holds by analogy with
Theorem 2. For that purpose we first prove the stronger statement in Theorem
13.
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Theorem 13 suit,(J', EXy) \ suit-(J*, CP) # 0.

Proof. We define a strategy T' € R and choose B C N such that T is suitable for
uniform EXg-identification of the R-cores described by B. These R-cores will all
consist of just one function and B will not allow uniform CP-identification with
respect to 7.

Let T" € R be defined by

itn=0

if n >0 and f[n] = 0"*!
if n >0 and f[n| =010""!
otherwise

T(f[n]) = for fe RandneN.

S = O

Furthermore, let

B:={beN|card Ry =1 and Ry € (EXp)0(T)} .
Claim. B € suit,(J', EXy) \ suit,(J*, CP).
Proof of “B € suit,(J', EXy)”.

Defining 77 € R? by T'(b, f[n]) := T(f[n]) for all f € R and b,n € N we obviously
have

o Vbe B[Ry e JY,

o Vbe B[Ry € (EXg)u(Ax.T"(b, x))].
By definition of uniform identifiability this implies B € suit,(J', EXy).
Proof of “B ¢ suit.(J', CP)”.

We will verify this claim by way of contradiction.

Assumption. B € suit, (J', CP).
Then there exists a strategy S € P? such that for any b € B the recursive core
Ry is identified with class-preserving hypotheses with respect to 7 by Az.S(b, z);
abbreviated
Vb € B[Ry, € CP.(Az.S(b,2))] . (12)

Aim. Construction of an integer by, such that
1. by € B,
2. Rbo g_ﬁ CPT()\.CI?S(Z?(),Z')),

in contradiction to statement (12). The strategy Az.S(bg, z) will fail for the only
function f € Ry, by
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e being undefined on some initial segment of f or

e returning a 7-index of a function not in R, on input of some initial segment
of f (that means, our strategy makes a non-class-preserving guess on f).

Construction of bg.
We define a function ¢ € P3 as follows: Let b € N. For i > 2 let 9 :=7.
Furthermore, let % be defined by

vp(0) = 0
0 if S(b,0)T<s or [S(b,0)|<, and Tgp,0)(1)T<s] or
Yoz +1) = [S(b,0)] <, and Tsp0)(1)]l <, and Tsp0)(1) # 0]
T if S(b,0)| <, and Tsp0)(1)]l<z and Tgp,0)(1) =0

for all x € N. Thus

YYER <= b =0
= SO0 or Tswago) (DT or Tseoy (1) > 0= vo(1) - (13)

Finally, the function v is defined by

¥1(0) = 0
Y(r+2) = Oforallz €N
wb(w — Tswo)(1) 1f S(b,0)] and 75(,0)(1)]
' . T lf S(b, O)T or TS(b,O)(l)T

Thus we obtain

PleR = U = 0(Tsqpp0)(1)0%
> [S(b,¥f[0])] and TS(b,wg[o})(l)U : (14)

Now let ¢ € R be a compiler function such that p9®) = 4* for all b € N. Such

a function ¢ exists, since 1® was defined uniformly in b. The recursion theorem
then yields an integer by € N satisfying p? = ¢9%) Thus we have @ = g%,

End Construction by.

In order to contradict phrase (12) we will prove the following statements.

1. by € B,
2. Ry, ¢ CP.(Az.S(bo, x)).
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ad 1. We observe Ry, C {% ,golo} by construction. From (13) and (14) we
conclude that either Ry, = {©f, ¢} = {0°} or Ry, = {¢l’} = {OOO} # {oh}
or iy = {2} = {0(rs(poqon(1)0°} = {0107}, so cither Ry, = {'} = {07}
or Ry, = {¢®} = {010®}. So we have Ry, € J'. By definition of T we know
for all n > 0 that 7'(0") = 0 and 7°(010") = 1. Furthermore 7°(0) =?. Therefore
R, € (EX)p0(T) and so by € B. qged 1.

ad 2. As we have seen in the proof of “by € B”, it suffices to consider two cases.

Case (i). Ry, = {5’} = {0}
Then (13) implies S(bg, ©i°[0])T or TS(b(),(PgO[O])(l)T OF T h o0[0)) (1) # 0 = o(1).

If S (bo, o2 [0])7, then of course Ry, & CP-(Ax.S(by, x)).

If S (b, ©2[0]) | and T (0,0 0] ( )T, then in particular S(by, p2[0]) is a 7-
index of a non-total function. So Az.S(bo, z) makes a non-class-preserving guess
on ¢ [0]. This implies Ry, ¢ CP,(Az.S(bo, z)).

If S(bo, ©2[0])1, TS(bO,gagO[O])(l)l and T (b0, 0] ( ) # 0, then 7 (bo,e20[0)) # @b

and thus 7 ¢ Ry, Again \x.S(by, ) makes a non-class- preserving guess

S (boe 0]
on p»[0]. We obtain Ry, & CP,(Az.S(bo, x)).

Case (ii). Ry, = {p%} = {010},

Then S(bo, ©2°[0])] and T (b0 [0]) ( )1, but @ (1) # TS(bo,galiO[O])(l) and therefore
T (b0 [0)) ¢ Rp,- So A\x.S (bo, ) makes a non-class-preserving guess on ¢}°[0].
This yields Ry, ¢ CP.(Az.S(by, x)). qed 2.

Claims 1 and 2 together now contradict statement (12). Therefore our as-
sumption must have been wrong, i.e. B ¢ suit,(J',CP). Altogether we have
B € suit,(J*, EXp) \ suit,(J*, CP). O

As we have promised before, this yields the proper separation of CP and
TOTAL for uniform learning with respect to the hypothesis space 7.

Corollary 5 suit,(J', CP) C suit.(J', TOTAL).

Proof. Obviously suit,(J*, CP) C suit,(J', TOTAL). It remains to prove the
existence of some description set B C N satisfying

B € suit, (J', TOTAL) \ suit,(J', CP) .

From Theorem 13 we know that there is some description set B in suit,(J', EXp)
which is not contained in suit,(J', CP). Since we can prove that suit,(J", EXp)
is contained in suit, (J', TOTAL), we have already verified our corollary. For the
proof of suit,(J*, EXy) C suit,(J*, TOTAL) note that according to Proposition 1
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all p’-numbers can be compiled to 7-numbers uniformly in b. The output “?”
just has to be replaced by some 7-number of any total function. O

4.4 'The Hierarchies in Lemma 1.4, 1.5, 1.6

From Theorem 12 and suit,(J*, CONS) C suit,(J*, EX) (analogously for suit,)
we obtain that the second inclusion suit,(J*, CEX) C suit,(J*, EX) in Lemma
1.4 and its T-version are indeed proper.

Together with the fact suit,(J*, TOTAL) C suit,(J*, CONF) Theorem 10
yields suit,(J*, CEX) \ suit,(J*, TOTAL) # ) and in particular

suit,,(J*, TOTAL) C suit,(J*, CEX) ,
where again suit, may be replaced by suit.

The three inclusions given in Lemma 1.5 and 1.6 are also proper inclusions.
We have verified this implicitly in Theorem 9. The set B used to separate EX;
from EXj is suitable for uniform identification by enumeration with respect to
total numberings ¢°. Since identification by enumeration with respect to total
recursive numberings always implies identification with total and consistent inter-
mediate hypotheses, we know that the same set B belongs to suit,(.J*, CONS) and
suit,,(J*, TOTAL) (which is a subset of suit,(J*, CEX) and suit,(J*, TOTAL)),
but not to suit(J*, EXj).

Corollary 6

1. suit,(J*, TOTAL) C suit,(J*, CEX) C suit,(J*, EX) (analogously with T
instead of @),

2. suit,(J*, EXy) C suit,(J*, CONS) and suit,(J*, EXy) C suit,(J*, CEX)
(analogously with T instead of ),

3. suit.(J*, EXo) C suit.(J*, TOTAL).

4.5 Incomparable Classes

The scope of this subsection is to find pairs of inference criteria which do not
yield such inclusions as in Lemma 1. That means we want to collect examples of
incomparable classes.

In Theorems 10 and 12 we have verified suit,(J*, EX;) \ suit(J*, CONF) # {)
and suit,(J*, EXy) \ suit,(J*, CEX) # 0. From suit,(J*, CP) C suit,(J*, CEX)
and suit,(J*,CP) C suit,(J*, TOTAL) C suit,(J*, CONS) C suit,(J*, CONF)
we conclude

suit,, (J*, EX,p ) \ suit, (J*, T) # 0
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for all m > 1 and I € {CP, TOTAL, CONS, CONF, CEX}. By the same reason-
ing we obtain

suity, (J*, 1) \ suit(J*, EX,,) # 0

for allm € Nand I € {CP, TOTAL, CONS, CONF, CEX} with Corollary 2. This
yields the following corollary.

Corollary 7 Let I € {CP, TOTAL, CONS, CONF, CEX}. Then
suit,(J*, EX,y,) # suit,(J*, 1)
for allm > 1. The same result holds if we replace suit, by suit,.

Furthermore we can use Theorem 13 to verify a stronger result for learning
with class-preserving or total intermediate hypotheses.

Corollary 8
1. suit,(J*, EXy) # suit,(J*, CP),
2. suit (J*, EXo) # suit.(J*, CP),
3. suit,(J*, EXy) # suit,(J*, TOTAL).

Proof. Properties 1 and 2 are direct consequences of Theorem 13. By Proposition
4 we know that suit,,(J*, TOTAL) equals suit,,(J*, CP), so property 3 is verified
with property 1. 0

With Theorem 10 and 12 we have also verified the following corollary.
Corollary 9

1. suit,(J*, CEX) # suit,(J*, CONS), suit.(J*, CEX) # suit.(J*, CONS).

2. suit,(J*, CEX) # suit,(J*, CONF), suit.(J*, CEX) # suit.(J*, CONF).

4.6 Summary

Now we can summarize our separation results for uniform learning of finite classes
with respect to fixed hypothesis spaces.

Summary 1

1. suit,(J*, EX) C suit,(J*, BC) C suit,(J*, BC")
(holds analogously if we substitute suit, by suit; ),

2. suit,(J*, EXy,) C suity,(J*, EXpy1) C suit,(J*, EX) for allm € N
(holds analogously if we substitute suit, by suit, ),
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10.

11.

suit,(J*, TOTAL) C suit,(J*, CONS) C suit,(J*, CONF) C suit,(J*, EX)
(holds analogously if we substitute suit, by suit, ),

suit,(J*, TOTAL) C suit,(J*, CEX) C suit,(J*, EX)
(holds analogously if we substitute suit, by suit, ),

suit,(J*, CP) = suit,(J*, TOTAL),
suit.(J*, CP) C suit,(J*, TOTAL),

suit,(J*, EXo) C suit,(J*, CONS), suit,(J*, EXy) C suit,(J*, CEX)
(holds analogously if we substitute suit, by suit, ),

suit,(J*, CEX) # suit,(J*, CONS), suit,(J*, CEX) # suit,(J*, CONF)
(holds analogously if we substitute suit, by suit, ),

if I € {CP, TOTAL, CONS, CONF, CEX} and m > 1, then
suit,(J*, EX,,) # suit,(J*, 1)
(holds analogously if we substitute suit, by suit, ),

suit,(J*, EXo) # suit,(J*, CP),
(holds analogously if we substitute suit, by suit, ),

suit,(J*, EXo) # suit,(J*, TOTAL), suit,(J*, EXy) C suit (J*, TOTAL).

Thus we have transferred the comparison results of Theorem 2 to the concept
of meta-learning in fixed hypothesis spaces. Each separation is achieved already
by restricting ourselves to the synthesis of strategies for finite classes of recursive
functions. Note that none of the results in Summary 1 is formulated as strictly
as possible. We never really needed the whole class J* to prove these separations.
Often it was even enough to choose recursive cores from J*, for example

e in Summary 1.1: suit,(J*, BC) C suit,(J!, BC*),

suit, (J', BC) C suit,(J!, BC*) (see Theorem 7);

in Summary 1.3: suit,(J', TOTAL) C suit,(J', CONS),
suit, (J', TOTAL) C suit,(J!, CONS) (see Theorem 12 and remarks above);

in Summary 1.4: suit,(J', CEX) C suit,(J*, EX),
suit, (J', CEX) C suit, (J', EX) (see Theorem 12);

in Summary 1.6: suit,(J', CP) C suit,(J', TOTAL) (see Corollary 5);

in Summary 1.8: suit,(J', CONS) & suit,(J*, CEX),
suit, (J', CONS) ¢ suit, (J*, CEX) and the same results with CONF instead
of CONS (see Theorem 12);
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e in Summary 1.10: suit,(J', EXy) € suit,(J*, CP),
suit, (J!, EXy) € suit,(J*, CP) (see Theorem 13);

e in Summary 1.11: suit,(J',EXy) € suit,(J', TOTAL) (see Theorem 13
and Proposition 4).

But still these results are not as strict as possible, because in the corresponding
proofs we did not use all descriptions of singleton recursive cores. A further goal of
research will be to find out more about the nature of the appropriate description
sets for the separation of inference criteria in uniform learning. Perhaps we can
characterize a kind of “smallest description set” witnessing the separation of two
identification criteria. Our observations above suggest, that for the inference cri-
teria CP, TOTAL, CEX, CONS, CONF and EX each pairwise separation concern-
ing suit,, or suit,; can already be achieved by restricting ourselves to descriptions
of recursive cores in J!. That would imply that a “smallest description set” was
somewhere “below” the set of all descriptions of singleton sets of recursive func-
tions. For uniform learning with respect to general hypothesis spaces (i.e. learning
according to suit without subscript) in general singleton sets are not sufficient to
prove any separations, because suit(J!,I) = {B C N | R, € J! for all b € B} for
any criterion / € Z (cf. Theorem 3).
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5 Separation of Inference Criteria: General Hy-
pothesis Spaces

In this section we investigate the hierarchies of inference criteria for uniform
learning without restrictions in the choice of the hypothesis spaces. Again we
will concentrate on description sets corresponding to collections of finite classes of
recursive functions. Some of the comparison results in Section 4 hold analogously
for this concept, but there are differences, too.

Lemma 2
1. suit(J*, EX) C suit(J*, BC) C suit(J*, BC"),
2. suit(J*, EX,,) C suit(J*, EX;pv1) C suit(J*, EX) for all m € N,
#(J*, CONS) C suit(J*, CONF) C suit(.J*, EX),
4. suit(J*, CP) C suit(J*, TOTAL) C suit(J*, CEX) C suit(J*, EX),
(J*

5. suit(J*, EXy) C suit(J*, CP) and suit(J*, EXy) C suit(J*, CONS).

Proof. The results in Lemma 2.1, 2.2, 2.3 and 2.4 are direct consequences of the
definitions. In order to verify Lemma 2.5, fix B € suit(J*, EXy). Then there is
some strategy S € R2?, such that for every b € B there exists a numbering "
satisfying Ry, € (EXo) w01 (Az.5(D, 2)).

For the proof of B € suit(J*, CP) we change the numberings ¥”! by copying
some elements of the recursive cores into fixed numbers of the hypothesis spaces.
Formally, for each b € B we define a new numbering 1 as follows let i, € N
be a ¥Y-number of any function in the recursive core Ry, i.e. ¢ € R, (we can
assume without loss of generality that Ry # 0).

b b
o=
ULJ]A = %[Cb} forall z € N .

Now the hypothesis 0 can be used to replace the “?” returned by the strategy,
because it is class-preserving with respect to the new hypothesis space. So we
define a strategy S’ € P? for f € R and b,n € N by

/ B 0 if S(b, f[n]) =7
S'(b, fln]) == {S(b, fln]) +1 otherwise

By construction of our numberings 7 this implies R, € CP,u(Az.5"(b, x)) for

all b € B. Therefore B is suitable for uniform class-preserving identification.
For the proof of B € suit(J*, CONS) we also have to change our hypothesis

spaces Y. We will enable consistent identification by mixing the old numbering
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with a new numbering of all recursive functions of finite support. The numbers
of these functions will code their own initial segments representing their finite
support, so they can be used as consistent intermediate hypotheses while our old
strategy returns “?”. For each b € B we define a numbering ¢ as follows: for
any x € N let

2[2 = Cod_l(:zc)Ooo ,
b
2[x]+1 = %[f] :

Now a consistent uniform learner S” can be defined by

(o) it S(b. fln]) =7
S"(b, f[n]) := {2S(b,f[”]) + 1 otherwise

for f € R and b,n € N (note that f[n] = cod(f(0),...,f(n)), so g;l[n] =
fO)f(1)... f(n)0> =, f). We obtain R, € CONS ) (Az.S"(b,x)) for all b € B.
S

Thus B € suit(J*, CONS). O

Note that we dropped the inclusion for TOTAL-identification in the third line.
As in general a uniform strategy S satisfying B € suit(J*, TOTAL)(S) for some
B C N can not synthesize an appropriate hypothesis space for R, from b € B,
the hypotheses returned by S cannot be checked for consistency. Therefore the
proof of Lemma 1 cannot be transferred. In the following subsections we will try
to find out, which of the results in Lemma 2 can be written with proper inclusion
symbols.

5.1 The Hierarchies in Lemma 2.1, 2.2, 2.3

In Section 4 we have seen that suit,(J*, BC) is a proper subset of suit,,(J/*, BC").
The same result is obtained for uniform learning with respect to the acceptable
numbering 7. Without these strict demands concerning the hypothesis spaces we
observe a difference in our hierarchies.

Theorem 14 suit(J*, BC) = suit(J*, BC")={BCN | R, is finite for all b € B}.

Proof. As the whole class R can be behaviourally correctly identified with anoma-
lies (cf. Theorem 2), we obtain N € suit(BC*, BC*) and in particular

suit(J*, BC*) = {B C N | R, is finite for all b € B} .

Thus it remains to prove suit(J*, BC) = {B C N | R, is finite for all b € B}. But
this fact follows directly from suit(BC,BC) = {B C N | R, € BC for all b € B},
which is a result from [Zi00]. O
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Although for uniform learning behaviourally correct identification is already
sufficient to cope with any description of a finite class (so anomalies cannot
increase the learning power), BC and BC* are not equal uniform learning criteria
in the general case. This follows trivially, since one might choose classes not in
BC for the recursive cores to be identified.

For explanatory and behaviourally correct identification the hierarchy remains
the same, as has already been verified in Theorem 8. Furthermore the hierarchy
in Lemma 2.2 — resulting in bounds on the number of mind changes — consists of
proper inclusions. This is verified with the strong result in Theorem 9. Because
of Corollary 4 and Theorem 11 the inclusions in Lemma 2.3 are also proper. So
we can summarize our results in the following corollary.

Corollary 10

1. suit(J*, EX) C suit(J*, BC) = suit(J*, BC")
={B C N | Ry is finite for all b € B},

2. suit(J*, EX,,) C suit(J*, EX;,11) C suit(J*, EX) for all m € N,
3. suit(J*, CONS) C suit(J*, CONF) C suit(J*, EX).

5.2 The Hierarchy in Lemma 2.4

For uniform learning of finite classes of recursive functions we observe a change
in our hierarchy, if we do not fix the hypothesis spaces in advance. As Theorem

15 states, the hierarchy of the criteria CP, TOTAL, CEX and EX collapses in
this case.

Theorem 15 suit(J*, CP) = suit(J*, TOTAL) = suit(J*, CEX) = suit(J*, EX).

Proof. Since suit(J*, CP) C suit(J*, TOTAL) C suit(J*, CEX) C suit(J*, EX)
by definition, it remains to prove

suit(J*, EX) C suit(J*, CP) .
For that purpose fix a description set B € suit(J*, EX). Then we know
1. R, is finite for all b € B,

2. there is a strategy S € P? such that for any b € B there is a hypothesis
space " € P? satisfying R, € EX,m(Az.S(b, x)).

Note that the hypothesis spaces 1"l do not have to be computable uniformly in
b. Now we want to prove that B € suit(J*, CP). We even will see that our given
strategy S is already an appropriate strategy for uniform CP-identification from
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B. This requires a change of the hypothesis spaces ¥!" for b € B.

Idea. Assume b € B was fixed. Since Az.S(b,x) identifies the finite class R, in
the limit, there are only finitely many initial segments of functions in R; which
force the strategy Az.S(b, z) into a “non-class-preserving” guess. If we replace the
functions in ¥” associated with these non-class-preserving guesses by an element
of Ry, we obtain a hypothesis space appropriate for TOTAL-identification of R,
by Az.S(b, x).

More formally: Fix b € B. From statement 2 we obtain
card {n € N | zp[;}b’f[n]) ¢ Ry} < o0

for all f € R;. Defining the set of “forbidden” hypotheses on “relevant” initial
segments by

HY = {ie N| ¢ ¢ R,A3f € Ry In € N [S(b, f[n]) =]},

we conclude with statement 1, that H*! is finite. Now we define a new hypothesis

space 0’ by
B e
= g itig HY foralli e N,
’ g ifie HU

where g € Ry is an arbitrary function in the recursive core described by b. Since
Yl € P? and HY is finite, nl® is computable.

Then Ry, € CP,u(Az.S(b, z)) by definition of n’l. Asb € B was chosen arbitrarily,
we conclude B € suit(J*, CP). O

Corollary 11 suit(J*, CONS) C suit(J*, CONF) C suit(J*, CP).

Proof. This fact follows immediately from Theorem 10 and Theorem 11 and by
the result suit(J*, EX) = suit(J*, CP) in Theorem 15. O

Obviously, a further change in the hierarchies of inference criteria is witnessed
by the fact suit(J*, CONS) C suit(J*, CEX), which follows by the same argumen-
tation as in the proof of Corollary 11.

5.3 The Hierarchy in Lemma 2.5

A strict version of the first inclusion in Lemma 2.5 now follows immediately
from our observations in Corollary 10 and Theorem 15. Since suit(J*, EXy) C
suit(J*, EX) by Corollary 10.2 and suit(J*, EX) = suit(J*, CP) by Theorem 15,
we conclude

suit(J*, EXy) C suit(J*, CP) .

72



A proof of suit(J*, EXy) C suit(J*, CONS) can be deduced from Corollary 2 as
follows: as suit,(J*, CP) C suit,(J*, CONS) and suit,(J*, CP) \ suit(J*, EXy) #
0, we know that suit(J*, CONS) \ suit(J*, EXy) # 0. Together with Lemma 2.5
we obtain

suit(J*, EXy) C suit(J*, CONS) .
Corollary 12
1. suit(J*, EXy) C suit(J*, CP),
2. suit(J*, EXy) C suit(J*, CONS).

5.4 Incomparable Classes

There are only a few incomparabilities remaining in uniform learning with general
hypothesis spaces: CONF as well as CONS are still incomparable to the criteria
resulting in mind change bounds (where at least one mind change is allowed).
If m > 1 is chosen arbitrarily, then suit(J*, EX,,) \ suit(J*, CONF) # () and
suit(J*, EX,,,) \suit(J*, CONS) # () follow immediately from Theorem 10. For the
opposite direction, note that suit(J*, CONS)\suit(J*, EX,,) # 0 is a consequence
of Corollary 2. This also yields suit(J*, CONF) \ suit(J*, EX,,) # 0. Altogether

we obtain the following corollary.

Corollary 13
1. suit(J*, EX,,) # suit(J*, CONF) for allm > 1,
2. suit(J*, EX,,) # suit(J*, CONS) for all m > 1.

5.5 Summary

Finally we can summarize our separation results for uniform identification of
finite classes without any restrictions concerning the hypothesis spaces.

Summary 2

1. suit(J*, EX) C suit(J*, BC) = suit(J*, BC")
={B C N | Ry is finite for all b € B},

2. suit(J*, EX,,) C suit(J*, EX;yq1) C suit(J*, EX) for allm € N,

3. suit(J*, EXy) C suit(J*, CONS) C suit(J*, CONF) C suit(J*, CP)
= suit(J*, TOTAL) = suit(J*, CEX) = suit(J*, EX),

4. if I € {CONS, CONF} and m > 1, then suit(J*, EX,,) # suit(J*, ).
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So in contrast to uniform learning of finite classes with respect to fixed hy-
pothesis spaces just a few of the separations in Theorem 2 can be transferred to
the unrestricted concept of uniform learning. Still it is remarkable, how many
inference criteria for uniform identification can be separated by collections of fi-
nite classes — even with very strong results (cf. the remarks below Theorem 8).
But similar considerations as in Section 4 lead us to the observation that again
our results are not as strict as possible. For none of these separations the whole
class J* was necessary; in most comparisons a subset of the set of all descriptions
of recursive cores consisting of up to two elements was sufficient. To verify this,
note that in the associated proofs the specially constructed description by cor-
responds to a set of at most two recursive functions. In these cases the special
classes B of descriptions witnessing the separations might have been restricted
to classes of descriptions of recursive cores of up to two elements. If we set
J? :={U C R | card U < 2}, we obtain for example

e in Summary 2.1: suit(J?, EX) C suit(J?, BC), where suit(J?, BC) equals
the set {B C N | card R, < 2 for all b € B} (see the proof of Theorem 8);

e in Summary 2.3: suit(J% EXy) C suit(J?%, CONS) C suit(J?, CONF) (see
the proofs of Theorem 9 and Theorem 11).

For the verification of suit(J*, CONF) C suit(J*, EX) and suit(J*, EX,,) €
suit(J*, CONS), as well as suit(J*, EX,,) < suit(J*, CONF) for all m > 1,
descriptions of recursive cores of at most three elements were sufficient (see
the proof of Theorem 10). But perhaps this number of elements might be re-
duced to 2, if learning with convergently incorrect intermediate hypotheses was
not involved in the proof of Theorem 10. Finally, in order to verify the re-
sults suit(J*, EX,,) C suit(J*, EX,,+1) and suit(J*, CONS) ¢ suit(J*, EX,,),
suit(J*, CONF) ¢ suit(J*, EX,,) for all m € N, we might restrict ourselves to
recursive cores consisting of no more than 2! functions (see the construction
in the proof of Theorem 9). Of course, in many of our results the description sets
might still be reduced further without violating the conditions of separations. As
has already been mentioned in Section 4, it might be interesting to learn more
about the structure of description sets fit for our separations, and thus perhaps
to find something like “smallest description sets” to be used as witnesses for the
results in Summary 2. We might conjecture, that for uniform learning according
to the definition of suit (without subscript) such smallest descriptions sets are in
general “bigger” than for uniform learning with respect to suit, or suit,: in many
results concerning suit, and suit,, descriptions of singleton recursive cores are suf-
ficient (cf. the remarks below Summary 1 in Section 4), whereas — by Theorem
3 — such descriptions can never be enough to separate any of our identification
criteria in the context of suit.
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BC*

BC suit(J*, BC) = suit(J*, BC")
EX suit(J*wEX) — suit(J*, TOTAL) = suit(J*, CP)
CONF | suit(J*, CONF)
CEX :
CONS suit(J*, CONS)
EX, suit(J*, EXy)
TOTAL
EX, suit(J*, EX;)
/ CP
EX, suit(J*, EX)

Figure 4: The hierarchy of inference criteria according to Theorem 2 compared
with the corresponding hierarchy for uniform learning without specifying the hy-
pothesis spaces in advance. Any line drawn upwards indicates a proper inclusion.
If two classes are not connected by a line or a sequence of lines drawn upwards,
they are incomparable.
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