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the process of scientific inquiry. The theory focuses on various properties of the process
Dynamic epistemic logic of hypothesis Fhange over time. T_reatin_g conjectures as informational states, we link the
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Epistemic update aspect of learning in the context of dynamic and temporal logics of epistemic change. We
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1. Introduction

Modal logics of epistemic and doxastic change have been developed and applied in the context of multi-agent systems
to analyze the process of epistemic and doxastic change. Formal learning theory, on the other hand, is concerned with
functions that identify a correct hypothesis from a range of possibilities on the basis of inductively given streams of data.
These functions can be viewed as agents that change their beliefs about which hypothesis is correct. In this paper we
investigate the connection between formal learning theory and modal logics of belief change, on the example of finite
identification. The motivation for bridging learning theory and modal logics of belief change is twofold. By analyzing the
epistemic and temporal structure underlying formal learning theory, we provide additional insight into the semantics of
inductive learning. On the other hand, importing the ideas, problems and methodology from learning theory enriches logics
of epistemic and doxastic change by new concepts and new perspectives (for philosophical and methodological discussion
see [19]).

Let us give a short explanation of how the bridging is established (a similar approach can be found in [13,20]). First, we
focus on the language learning paradigm, in which languages are treated as sets of positive integers. Learning is viewed as
a process in which an agent (let us call her Learner) considers some range of languages; one of the languages is the actual
one, and Learner’s general aim is to find out which one it is. The elements of the language are given to Learner one by one.
The infinite sequence of data that governs this enumeration includes all and only elements of the language. Several success
conditions of such a learning process can be defined. For instance, it can be assumed that each time Learner gets a piece of
information, she is allowed to make a conjecture. We can define the learning process to be successful if Learner’s conjectures
stabilize on the proper language. This learnability condition is called identification in the limit [22]. Another, more restrictive
notion of success requires that Learner, while successively given the data about the language, gives an answer only once, at
some finite stage of the procedure. This kind of learnability is known as finite identification [27].

Intuitively, our approach to inductive learning in the context of epistemic and epistemic temporal logic is as follows. We
take the initial class of languages to be possible worlds in an epistemic model, which mirrors Learner’s initial uncertainty
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over the range of languages. The incoming piece of information is taken to be an event that modifies the initial model.
We investigate the properties of iterated update situations that correspond to finite identifiability and we describe the
emergence of irrevocable knowledge in this setting. The structure resulting from updating the model with a sequence of
events can be viewed as an epistemic temporal forest. We explicitly focus on protocols that are associated with set learning
scenarios. We give a modal characterization of forests that are generated from a learning situation that satisfies a finite
identifiability of languages condition. We observe that a special case of such protocol-based setting, namely when only one
stream of events is allowed in each state, can be used to model function-learning paradigm. We show how the simple setting
of iterated epistemic update cannot account for all possible learning situation. In the end we conclude our considerations
and present possible directions of further work.

2. Formal learning theory

Let U be an infinite recursive set; we callany S C U alanguage. Learning theory is mostly concerned with indexed families
of recursive languages, i.e., class C for which a computable function f : N x U — {0, 1} exists that uniformly decides C, i.e.,

. 1 ifwes;,
i,w)= .
[ w) 0 ifw ¢S;.
The global input for Learner is given as an infinite stream of data. In learning theory, such streams are often called texts
(positive presentations).

Definition 1. By a (positive presentation) € of S we mean an infinite sequence of elements from S enumerating all and only
the elements from S (allowing repetitions).

Definition 2. We will use the following notation:

&p is the nth element of ¢;

¢ [nis the sequence (&1, &2, . . ., &n);

set(¢) is the set of elements that occur in €;

ifa, B € U*, then by o C B we mean that « is a proper initial segment of S.

L is a learning function—a recursive map from finite data sequences to indices of hypotheses, L : U* — N. We will
sometimes take the learning function to be L : U* — N U {1}. Then the function is allowed to refrain from giving a
natural number answer, in which case the output is marked with 1.

2.1. Finite identification

Finite identifiability of a class of languages from positive data is defined by the following chain of conditions.
Definition 3. A learning function L:

1. finitely identifies S; € C on ¢ iff, when inductively given ¢, at some point L outputs a single value i;

2. finitely identifies S; € C iff it finitely identifies S; on every ¢ for S;;

3. finitely identifies C iff it finitely identifies every S; € C;

4. aclass C is finitely identifiable iff there is a learning function L that finitely identifies C.
Example 1. Let C; = {S; = {0, i} | i € N}. C; is finitely identifiable by the following function L : U* — N U {1}:

0 if set(e[n) = {0} or Ik < nL(e[k) # 7,
L(eln) = .

max(set(e[n)) otherwise.
In other words, L outputs the correct hypothesis as soon as it receives a number different than 0, and the procedure ends.

To see how restrictive this notion is, we can consider finite class of languages that is not finitely identifiable.

Example 2. LetC, = {S; = {0, ...,i}|i € {1, 2, 3}}. C2 is not finitely identifiable. To see that, assume that S, = {0, 1, 2}
is chosen to be the actual world. Then learning function can never conclusively decide that S, is the actual language. As, for
all it knows, 3 might appear in the future, so it has to leave the S3-possibility open.

A necessary and sufficient condition for finite identifiability has already been given [25,27].
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Definition 4 [27]. A set D; is a definite finite tell-tale set for S; € C if

1 D €,
2. Dj is finite, and
3. for any index j, if D; € S; then §S; = §;.

On the basis of this notion, finite identifiability is characterized in the following way.

Theorem 1 [27]. A class C is finitely identifiable from positive data iff there is an effective procedure D : N — P~“(N), given
by n — Dy, that on input i produces a definite finite tell-tale of S;.

In other words, each set in a finitely identifiable class contains a finite subset that distinguishes it from all other sets in
the class. Moreover, for the effective identification it is required that there is a recursive procedure that provides such definite
finite tell-tale set.

2.2. Identification in the limit

To see that a more general notion of identification is possible let us consider again Example 2, i.e., take C; = {S; =
{0,...,i}|i e {1, 2, 3}}, and assume that S, is the actual language. As we saw Learner cannot conclusively decide that S,
is the case. There is however a way to deal with this kind of uncertainty. Namely, if we allow Scientist to answer each time
he gets a new piece of data, we can define the success of learning using the notion of convergence to the right answer. After
seeing 1 and 2 Learner can keep conjecturing S, indefinitely, because in fact 3 will never appear. This leads to the notion of
identification in the limit.

Definition 5 (Identification in the limit [22]). Learning function L:

1. identifies S; € C in the limit on ¢ iff for co-finitely many m, L(e [m) = i;

2. identifies S; € C in the limit iff it identifies S; in the limit on every ¢ for S;;

3. identifies C in the limit iff it identifies in the limit every S; € C.

4. C is identifiable in the limit iff there is a learning function that identifies C in the limit.

Below we give some examples of classes of languages which are identifiable in the limit. First let us consider an example
of a finite class of finite sets.

Example 3. Recall the class C; from the previous example. C; is identifiable in the limit by the following functionL : U* — N:
L(e[n) = max(set(e[n)).

Learning by erasing. Learning by erasing [24] is an epistemologically intuitive modification of the identification in the limit.
It has not drawn much attention in the field of formal learning theory but for our purposes (a comparison with the approach
of dynamic epistemic logic) it is interesting. Very often the cognitive process of converging to a correct conclusion consists
of eliminating those possibilities that are falsified during the inductive inquiry. Accordingly, the outputs of the learning
function are negative, i.e., the function each time eliminates a hypothesis, instead of explicitly guessing one that is supposed
to be correct. The difference between the definition of this approach and the usual identification is in the interpretation
of the conjecture of the learning function. In learning by erasing one assumes an ordering of the initial hypothesis space
isomorphic to the natural numbers. This allows one to interpret the actual positive guess of the learning-by-erasing function
to be the least hypothesis (in the given ordering) not yet eliminated.
Let us give now the two definitions that shape the notion of learning by erasing.

Definition 6 (Function stabilization). In learning by erasing we say that a function stabilizes to number k on environment &
iff for co-finitely many n € N:

k = min({N — {L(e[1), ..., L(g[n)}}).
Definition 7 (Learning by erasing [24]). We say that a learning function L:

1. learns S; € C by erasing on ¢ iff L stabilizes to k on ¢;

2. learns S; € C by erasing iff it learns by erasing S; from every ¢ for S;;

3. learns C by erasing iff it learns by erasing every S; € C.

4. C is learnable by erasing iff there is a learning function that learns C by erasing.
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It is easy to observe that in this setting learnability heavily depends on the chosen enumeration of languages, since the
positive conjecture of the learning function is interpreted as the minimal one that has not yet been eliminated.

Several types of learning by erasing have been proposed. They vary in the condition of which hypotheses the learning
function is allowed to remove (for details and results on learning by erasing see [24]).

3. Dynamic epistemic logic

Modal logics of epistemic change are used to analyze the information flow in multi-agent systems (see, e.g., [2,7,17,18]).
We focus on the approach of dynamic epistemic logic (DEL[29], see also [14]), in which it is possible to formalize the principles
of such changes.

Let us begin with the notion of epistemic model. To better suit our purposes we will restrict ourselves to the single-agent
case, indicating in relevant places how to make the step towards the multi-agent extension. We fix PROP to be a countable
set of propositional letters.

Definition 8. A single-agent epistemic model M is a triple:

(W’ N’ V> b
where W #£ J is a set of states, ~ is a binary equivalence uncertainty relation on W, and V : PRopP — g (W) is a valuation,
where PROP is a countable set of propositional letters, and g (W) is the power set of W.

For the multi-agent modelling we extend the above definition with the uncertainty relations of all agents. Therefore,
instead of ~ we get (~)qec4, Where A is the set of agents.

In the above definition the set W stands for the possible states, and ~ for the uncertainty of the agent. In other words,
w ~ v means that the agent cannot distinguish (is uncertain) between the possibilities w and v.

Epistemic models are static—they represent the informational state of an agent in temporal isolation. We will now make
the setting more dynamic by assuming that the agent observes some incoming data and is allowed to revise his informational
state. We will restrict to the simplest method, called update (see [4]). Update is a policy that restricts models—each time a
piece of data is encountered, it is assumed to be truthful and all worlds of the epistemic model that do not satisfy this new
information are eliminated.

The definition below formalizes the notion of update—the revision with formula ¢ results in removing all states that do
not make ¢ true.

Definition 9. The update of an epistemic model M = (W, ~, V) with a formula ¢, formally M | ¢, results in the new
epistemic model M" = (W', ~/ V'), where:

LW ={weW|wkE o}
2.~ =~ W,
3.V =V | Ww.

Let us consider two simple examples of single-agent propositional update.

Example 4. Let us take a single-agent epistemic model M = (W, ~, V), where W = {wy,wy, w3}, ~ = W x W,
ProP = {p1, p2, D3, pa} and the valuation V : Prop — P(W) is defined in the following way V(p1) = {wy, wy, w3},
V(p2) = {w1, w2}, V(p3) = {wa, w3}, V(ps) = {ws},inother words: wy |= p1 Apa A—Pp3 A—pg, Wz = p1 Ap2 AP3 APy,
and w3 = p; Ap3 ApsA—p;. Letus assume that wy is the actual world, and that the agent receives propositional information
that is consistent with w in the following order: p1, p2, p3. Receiving p; does not change anything—every world satisfies p;.
Then p, comes in, eliminating ws, since ws = p,. The agent is now uncertain only between w; and wy. The last information
p3 allows deleting wy because w; [~ ps. The uncertainty of the agent now disappears—the only possibility left is w.
Moreover, whatever true (consistent with the actual world w ) information comes in w, cannot be eliminated.

In fact, if any of the worlds is the actual one, and the agent will receive truthful and complete propositional information
about it, he will be able to eventually eliminate all other worlds, and therefore gain full certainty about his situation.

Example 5. Let us again take a similar epistemic model, this time with the following valuation V(p;) = {wq, wy, ws},
V(p2) = {wq, wa}, V(p3) = {w;}. Now, only one world, namely w1, can get identified by receiving truthful and complete
propositional information. In case wy (or ws) is the actual world, the agent will never be able to eliminate wy (or wy and
w»), and therefore the uncertainty will always remain.

3.1. Dynamic epistemic learning scenarios
In Examples 4 and 5 the uncertainty range of the agent is revised as new pieces of information (in the form of propositions)

are received. The data comes from a completely trusted source, and as such, causes the agents to eliminate the worlds that
do not satisfy it.
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In learning theory it is common to assume the truthfulness of incoming data, and therefore, in principle, it is justified to
use epistemic update as a way to perform the inquiry (for observational interpretation of update see [5]). In this section we
will present single-agent update-based learning scenarios in the framework of epistemic logic.

First, the initial learning model is a simple epistemic model whose worlds correspond to the initial class of languages
being learned.

Definition 10. LetC = {S1, S, ...} be aclass of sets such that foralli € N,S; C N. Our initial learning model M_ is a triple:
(WCa ~, VC) )

where Wy = C, ~ = Wg x We, Ve : PROP U NoM — P(W), such that S; € Ve (p,) iffn € S; and for each set S; € C, we
take a nominal i € NoMm and we set V(i) = {S;}.

In words, we identify states of the model with sets, we also assume that our agent does not have any particular initial infor-
mation or preference over the possibilities. The interpretation of the propositional letters is as follows. Let C = {S1, So, ...}
be a class of sets, and let U = |J C be the universal set of C. For every piece of datan € U we take a propositional letter p,.
The nominals correspond to indices of sets. They can be interpreted as finite descriptions of sets or as theories that describe
possible sequences of events.

In the previous section (see Examples 4 and 5) we touched on our central topic of iterated update. This leads us to consider
sequences of updates that are executed on a given epistemic model.

Definition 11. A data stream is an infinite sequence ¢ = (&1, &3, ...) such that for everyi > 1 there is an p, € ProP such
that &; = py.

The intuition is that, at stage i, the agent observes the proposition of ¢;. For clarity, we will call finite parts of such data
streams data sequences.

Definition 12. A data sequence is a finite sequence o = (o7, ..., 0y), Where for every 0 < i < n, there is p, € PrRop, such
that o; = py.

For our data streams and data sequences we will use the same notation as for texts (see Definition 2).

The data streams are not entirely arbitrary, they should reflect the reality, be consistent with the actual world. The analogy
with scientific inquiry can be used here: one can base theories on the results of experiments if the results are assumed to
be consistent with reality. We will additionally require that every elementary information true in the actual world will
eventually appear in the stream.

Definition 13. We will say that ¢ is a data stream for w € W iff ¢ enumerates all and only those propositional letters that
are true in w, i.e.: p € set(¢e) iff w € V(p).

The ‘confrontation’ of the epistemic model with a logical formula has been already given in Definition 9. Now we need
to define what it means to perform iterated update.

Definition 14. The iterated update of model M with the data sequence e[n = (&1, &3, ..., &) can be defined in the
following way:

M= (M| e1) | 82) ) | en.
We will refer to such M?!" by e [n-generated epistemic model.

In other words, the epistemic model is updated with a data sequence in a step-by-step manner.

3.2. Finite identification and epistemic logic

The research in dynamic epistemic and dynamic doxastic logic often touches the subject of converging to some desired
states: (common) knowledge or (joint) true belief (see, e.g. [3]). In this respect it is concerned with multi-agent versions
of the belief-revision problem. In this section we will show how to use the notion of finite identification to character-
ize convergence to irrevocable knowledge. To establish the first connection we will restrict ourselves to the single-agent
case.

Definition 15. Iterated epistemic update of model M with an infinite data stream ¢ stabilizes to M’ iff thereisann € N, such
that for all m > n, M#™ = A, In such cases we will sometimes write that the generated epistemic model M? stabilizes
to M.
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We are now ready to show that epistemic update performed on finitely identifiable class of sets leads to irrevocable
knowledge. We will use the non-computable (general) characterization of finite identifiability of sets from positive data
based on Theorem 1.

Theorem 2 [27]. A class C is finitely identifiable from positive data if and only if for every set S; € C there is a definite finite
tell-tale set D;.

Theorem 3. The following are equivalent:

1. C is finitely identifiable.
2. For every S; € W, and every data stream ¢ for S; the generated epistemic model M, stabilizes to Mé = (Wé, ~' Ve),
where W), = {S;} and ~" = {(S;, Si)}.

Proof. (1 = 2)Let us assume that C is finitely identifiable. Then, by Theorem 2, for every set S; € C there is a finite definite
tell-tale set D; C S; such that D; is not a subset of any other set in C. Let us then take one S; and the corresponding finite
definite tell-tale set D;. For every data stream ¢ for S; there is a finite initial segment, € [m, such that D; C set(¢ [m). Then by
stage m every S; such that i # j has been eliminated by the update.

(2 = 1) Let us assume that for every S; € W, and a data stream ¢ for S;, the generated epistemic model M, stabilizes
to M, = (W}, ~', V¢), where W, = S; and ~" = {(S;, S;)}. Assume for contradiction that ¢ is not finitely identifiable.
Therefore, by Theorem 2, there is a set S; € C such that every finite subset of S; is included in some S; € C such thati # j.

Then for all n, if Mﬁ“’ = (W, [", ~eln ve M> then {S;, S} € W, " soit clearly does not stabilize to M = (W}, ~/, Ve),

where W/ = {S;} and ~" = {(S;, S;)}. Contradiction. O

3.3. Finite identifiability in epistemic language

The previous subsection gives a semantic characterization of finite identifiability. In this part we will move towards
explicitly involving the notion of knowledge. We first look at the core language of epistemic logic (see, e.g. [11]).
Syntax. Our epistemic language Lg; is defined as follows:

p:=ilpl—¢le VvV ¢|Kp
where p ranges over PROP—a countable set of proposition letters and i over the set of nominals Nom. For the multi-agent
logic we simply add K, for every a € A, where A is the set of agents.
Semantics. Let us show how we interpret £g; language.

Definition 16 (Truth definition). We give the semantics of Lg;.
M,w =i iff w e V(i)
M,w E=Dp iff w e V(p)
M, w = —¢ iff M,w =g
MwkEe VY iff MwEgorM,wiE=1y
M, w = Ko iff for all v such thatw ~ v we have M, v = ¢

In the multi-agent version in the last clause we replace K with K, and ~ with ~, for a € A assuming that A is the set of
agents.

With respect to the language of epistemic logic £g;, the following corollary corresponds to the semantic characterization
in Theorem 3.

Corollary 1. The following are equivalent:
1. C is finitely identifiable.
2. For every S; € W and every data stream ¢ for S; the generated epistemic model M, stabilizes to M, = (W}, ~, V¢),
where W}, = {S;} and M(,, S; = K i.

Proof. From Theorem 3 we know that 1 is equivalent to:

# For all S; € W, and every data stream ¢ for S; the generated epistemic model M stabilizes to M, = (W;, ~/, Ve),
where W/, = {S;} and ~" = {(S;, Si)}.
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(# = 2)Let us take S; € W, and data stream ¢ for S; and assume that the generated epistemic model M, stabilizes to
My = (W}, ~', Ve), where W), = {S;} and ~" = {(S;, Si)}. Then by definition of semantics of £g M', S; = K i, since it is
true that for all Sj € {Sx € W}, | S; ~' S}, we have that M, Sj = i.

(2 = #) Let us assume that for all §; € W, and data stream ¢ for S; the generated epistemic model M, stabilizes to
M = (W, ~, Ve), where W, = {S;} and M, S; = Ki. That means that for all S; € {Sx € W/ | S; ~' S;j} we have
that /\/l’c, Sj = i. But from definition of the valuation V we know that S; is the only state in W, that validates i. Therefore
~ = {5, S} O

Until now we have shown how to express the outcome of finite identifiability learning scenarios in Lg;. The language of
epistemic logic can account only for the result of epistemic change. Our aim is to give a logical formula that can express the
possibility of convergence. As the latter is a temporal property, we will propose to view the structure generated by iterated
epistemic update as a temporal branching model.

4. Learning and temporal logic

Before we make the transition to the temporal setting, we will first discuss a generalization of the update with incoming
information—the concepts of event models and product update introduced by Baltag et al. [2].

4.1. Event models and product update

Iterated update, defined in Section 3 can be placed in a more general perspective. Obviously, the incoming information
does not have to be propositional. It does not even have to be purely linguistic. It can be any event that itself has an epistemic
structure. To consider changes caused by such arbitrary events, we will now introduce the notion of event model, which
represents the epistemic and informational content of what ‘happens’.

Definition 17. An event model is a triple:
&= <Ea (Ni)aEAa pre)a

where E # (J is a set of events; for every agent a € A, ~§ is a binary equivalence relation on E, and pre : E — L, is
a precondition function where Lg; is a set of formulas of some epistemic language. A pair (£, e), where e € E is called a
pointed event model.

For every agent a € A, the relation ~§ encodes that agent’s epistemic information about the event taking place. The
precondition function maps events to epistemic formulas. An event will be executable in some state only if that state satisfies
the precondition of this event.

The effect of updating an epistemic model M with an event model £ can be computed according to the so-called product
update.

Definition 18. Let M = (W, (~g)qeu, V) be an epistemic model and £ = (E, (~§)06A ,pre) be an event model. The
product update of M with £ gives a new epistemic model M ® & = (W', (~))aea. V')}, where:

1. W ={w,e)|weW&ecE&w [ pre(e)};
2. (w,e) ~, (W, €)iffw ~,w ande ~ ¢;

3. and the valuation is as follows: (w, e) € V'(p) iffw € V(p).
The next example shows the product update caused by an event model of public announcement.

Example 6. Let us consider the following multi-agent scenario. Anne, Bob and Carl are playing a card game. The deck of
cards consisting of: 1, 2, 3. Each person gets one card. We can represent the situation after dealing as a triple xyz, where
X, y, z are cards and the first position in the triple assigns the value to a (Anne), the second to b (Bob), etc. For instance, 231
means that Anne has 2, Bob has 3 and Carl has 1. All the possible situations after a deal are: 123, 132, 213, 231, 312, 321.
We assume that all the players witness the fact of dealing but they do not know the distribution of the cards. The epistemic
model M of this situation is illustrated in the figure.

123—a—132
N

/
2l3aﬂ
b\ /C

312—a—-321
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Let us then assume that the actual world is 231. Obviously each player’s knowledge does not allow certainty about which
is the actual world. In the model the uncertainty of the agent x about the worlds w and w’ is symbolized by the following:
w ~, W (in the figure this relation is depicted by two states being joined by a line labeled with x, dropping reflexive
loops).

Let us now assume that Anne shows her card to all the players publicly, i.e., all the players see her card and all of them

know that all of them see it. This event is modeled by & = (E, {Nig}ie,q, pre), where E = {e}, foreachx € A, e ~f e and
pre(e) =2 __ (i.e, ‘Anne has 2’).

a,b,c

The public announcement of ‘Anne has 2’ results in the epistemic situation which can be presented as M’ = M ® &
depicted below:

213

a 231

Event £ of the above example is a public announcement of: ‘Anne has 2’. In dynamic epistemic logic the public an-
nouncement of ¢ is represented by ‘!¢’ and corresponds to the elimination of all those possible worlds that do not satisfy
¢. In other words, public announcement works as relativization of the model to those worlds that satisfy the content of the
announcement. !

4.2. Dynamic epistemic logic protocols

By making a step from dynamic epistemic logic into epistemic temporal logic we can analyze the temporal aspects of
update. Redefining the iterated epistemic update in terms of protocols (see [16,28]) will bring us closer to the temporal
setting. A protocol specifies sequences of events that are admissible in certain epistemic situations. In this section, following
[8], we will give the definition of local protocols, and epistemic models generated with respect to a protocol. By doing this
we prepare the grounds for our learning-theoretic setting.

The admissible runs of some informational process are defined by a protocol P that maps states in an epistemic model to
sets of finite and infinite sequences of event models closed under taking prefixes. In general not every sequence of events
may be possible at a given state.

Let [E be the class of all event models. Accordingly, every state of the epistemic model is assigned a set of sequences
(infinite and finite) of event models closed under taking finite prefixes, an element of Prot(E) = {p C P(E* UE®) | P
is closed under finite prefixes}.

Definition 19. Let us take an epistemic model M = (W, (~g)qe4, V). Alocal protocol for M is a function P : W — Prot(IE).

Until now we have been concerned with the ¢ [n-generated epistemic model M, where ¢ [n is some sequence of propo-
sitions. We will now provide an analogous notion of a model generated from a sequence of event models but according to
some specific local protocol.

Definition 20. Let M = (W, (~¢)qe4, V) be an epistemic model. We define the (P, ¢ |n)-generated epistemic model MP-€1"
inductively, as follows:

MP,S[O — M

MP,s[n—H — <WP,£{n+1’ ~_P,e[n+1 , VP’S“I—H), where:

wPelntl.— (s s € WPeIn s = pre(epgr) &e[n+1 € P(s)};

~P.eln+1 = ~P.eln rWP,a[n+1.

VP,S[n-H = VP,S[n rWP,s{n—H.

The protocol-based approach to update has a straightforward temporal interpretation. The question of how iterated
product update can be interpreted in temporal logics is interesting because the latter are widely used to study the evolution
of a system over time. Moreover, epistemic extensions of temporal logics offer a global view of the evolution of a multi-agent
system as events take place, focusing on the information that agents possess. Obviously, all of these aspects are crucial for
inductive inference.

1 Other illustrations of the strength of product update can be found in [1,6,12].
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4.3. Dynamic epistemic and epistemic temporal logic

Epistemic temporal logics are interpreted on epistemic temporal models (see, e.g. [28]).

Definition 21. An epistemic temporal model # is a tuple:
(W’ Za Ha ('\“a)aeAa V>7

where W = (J is a countable set of initial states; X is a countable set of events; H € W(Z* U £?) is a set of histories
(sequences of events starting at states from W) closed under non-empty finite prefixes; for eacha € A, ~; € H x H is an
equivalence relation; and V : PRoP — P(H) is a valuation. We write wh to denote some finite history starting in the state
w, and we analogously for an w-history.

We sometimes refer to the (W, 2, H)-part of an ETL model as the temporal protocol this model is based on. We refer to
the information of an agent a at h with K,[wh] = {vh’ € H|wh ~4 vh'}.

The relation between the dynamics of epistemic update and epistemic temporal logic has already been studied (see, e.g.
[9,10]). In particular, it has been observed that iterated epistemic update in dynamic epistemic logic generates epistemic
temporal forests satisfying certain properties (see [8]). We will refer to this construction by For(M, P) and define it below.

We construct the forest by induction, starting with the epistemic model and then checking which events can be executed
according to the precondition function and to the protocol. Finally, the new information partition is updated at each stage
according to the product update. Since product update describes purely epistemic change, the valuation stays the same as
in the initial model.

Definition 22. An epistemic model M = (W, (fvﬁ")(Ie 4, V™) and a local protocol P : W — Prot(IE) generates an ETL
forest For(M, P) of the form:

H = (W' E, H, (~g)aeu, V), where:

—

W =W,

2. H is defined inductively as follows:

Hoy := WH;

Hu1 = {(wey ... ent1) | (wey ... en) € Hyy ME!", w = pre(entr)and (er . .. ent1) € P(W));
H := Uo<k<w Hi;

3. ifw,v € W, thenw ~q viffw ~v;

4. whe ~, vh'¢ iff whe, vh'e’ € Hy, wh ~, vh', e and €’ are states in an event model £ and e ~¢ ¢/;
5. Finally, wh € V(p) iffw € VM(p).

The correspondence between the iterated product update and an epistemic temporal forest relies on some properties of
epistemic temporal agents. To be precise, it has been shown that the structures of iterated DEL update are in fact epistemic
temporal frames that satisfy the following conditions: perfect recall, synchronicity, uniform no miracles and propositional
stability. Let us introduce those epistemic multi-agent assumptions.

Definition 23. Let us take H = (W, X, H, (~4)qec4, V) to be an epistemic temporal model.

Perfect recall 7 satisfies perfect recall iff
for all whe, Vh'f € H if K,[whe] = Kq[vhf], then Kq[wh] = KCq[Vh'].

The condition of perfect recall expresses that agents do not forget past information as further events take place.
Synchronicity 7 satisfies synchronicity iff

for all wh, vi' € H if KCg[wh] = Kp[vh'], then length[wh] = length[vh'].
Synchronicity is satisfied if the agents have access to some external discrete clock and thus can keep track of the time.
Uniform-no-miracles 7 satisfies uniform no miracles iff
for all wh, vh’ € H such that wh ~, vh'’
and for all e, e; € ¥ with whe;, vh'e; € Hif there are sh”, th”" € H such that sh”e; ~4 th" e,

then whe; ~, vi'e,.
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Uniform-no-miracles means that if an agent cannot distinguish between a history terminating with e; and a history
whose last event is ey, then at any time if he is unable to distinguish between two histories wh and vk’ then he is still
unable to distinguish between whe; and vhe,. This property characterizes local ‘updaters’ that do not take into account
the whole history but that proceed in a step-by-step manner.

Propositional Stability 7 satisfies propositional stability iff for all wh, whe € H we have p € V(whe) iff p € V(wh).

The following result indicates that the iterated product update of an epistemic model M according to a protocol P
generates an epistemic temporal forest that validates the above-mentioned epistemic properties.

Theorem 4 [8]. An ETL-model ‘H is isomorphic to the forest generated by the sequential product update of an epistemic model
according to some state-dependent DEL-protocol iff it satisfies perfect recall, synchronicity, uniform-no-miracles and propositional
stability.

4.4. Learning in a temporal perspective

Let us now see how the above construction can be used to analyze finite identifiability.
Learning event models. In our learning setting the incoming information has a purely propositional character. A simple event
learning model can be associated with every such piece of data in the following way.

Definition 24. Let C = {S1, S, ...} be a class of sets and, as before, U = |J C is the universal set of C. Let E : N — [E be a
function that transforms an integer into an event model in the following way: foreachn € N,E(n) = &, = ({e}, ~", preg),
where ~ = {(e, e)} and preg(e) = py. Similarly, if S € N, E(S) = {E(n) | n € S}.

In other words, for every piece of data n from U we take a propositional letter p,,, and since we consider simple announce-
ment scenarios, we construct an event model that consists of one state. For simplicity, we will sometimes refer to such &,
with p,,. By making the conceptual transition from the simple propositional update to the event models we want to show to
what extent our framework conforms to the general setting described in the previous section.

Set-learning local protocol. Intuitively, given a state S; € W;, our protocol P should authorize at S; any w-sequence that
enumerates S; and nothing more. Our set-learning scenarios allow any enumeration of elements of a given set. Therefore
the corresponding local protocol can be defined in the following way.

Definition 25. Let C = {51, S, ...} be a class of sets and U = (JC be the universal set of C. For every S; € W, the
set-learning local protocol, P(S;), is the smallest subset of (E(U))® that contains:

{f : @ — E(S;) | f is surjective},
and that is closed under non-empty finite prefixes. Accordingly, P(W¢) := Us,ew,P(Si).

Set-learning local protocols restrict the admissible sequences of events only in terms of content and not in terms of
ordering. It is easy to observe that such a local protocol can replace the sets in learning scenarios. In principle we can then
skip the precondition check and instead decide whether an event can take place just on the basis of the protocols. We will
return to this issue in the end of this paper.

Initial learning model with local protocol. Let us now complement our definition of the initial learning model (Definition 10)
with the local set-learning protocol.

Definition 26. Let C = {S1, S, ...} be a class of sets such that for all i € N, S; € N. The initial learning model with local
protocol consists of:

1. an epistemic model M, = (W¢, ~, V¢), where Wy = C, ~ = Wy x W, V¢ : PROP U NoM — P(W,), such that
Si € Ve(py) iff n € S; and for each set S; € C, we take a nominal i and we set V¢ (i) = {S;}.
2. for each S; € We, a set-learning local protocol P(S;).

Now we are ready to define how our initial learning model and a set-learning protocol generate an epistemic temporal
forest. We define the additional set of designated propositional letters based on the previously used set of nominals Nowm,
PROPyoy = {qi | i € Nom}.

Definition 27 (Epistemic temporal learning forest). A learning model My = (W, ~M, Vé"l) together with the local set-
learning protocol P generates an ETL forest For (M, P) of the form:

H = (WH, E, H, P, ~, V), where:
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—

wh = w,,
2. H is defined inductively as follows:

Hp := W',

I

P,
Hot1 = {(weq ...ent1) | (Weq...eq) € Hy; Mc™", w = pre(entr1)and (e; . .. eny1) € P(W)};

H:= U0§k<w Hi
CIfw, v e WY thenw ~ viffw ~M y;
. whe ~, vh'e iff whe, vh'e’ € Hy, wh ~ vh’,and e = ¢;
. Finally, the valuation V : PRoOP U PROPyoy — P(H) is defined in the following way:
e forevery p € PrRoP, wh € V(p) iffw € V2(p);
e for every g; € PROPyoy, Wh € V(q;) iff w € V2(i).

[S) N NON)

The above construction is in the strict correspondence with the general case of generated epistemic temporal forest
of Definition 22. Our concept allows a slight simplification in point 4 because of the very simple structure of our public
announcement events. At this point we have the temporal structures that correspond to the learning situation. The next step
is to give a temporal characterization of forests that satisfy the identifiability condition.

4.5. Finite identifiability in ETL

In this section we will give a general characterization of finite identification in the epistemic extension of CTL* (see [15]),
Lerr+. The aim of this section is to give a formula of epistemic temporal logic that characterizes classes of sets that are finitely
identifiable.

4.5.1. Epistemic temporal language
Syntax. The syntax of our epistemic temporal language of Lgr;+ is defined in the following way.

p:=pl=ple V ¢|Kp|Fp|Ap

where p ranges over a countable set of proposition letters PROP U PROPyoy. K¢ reads: ‘the agent knows that ¢’. F¢» means
‘at some point in the future on the current infinite sequence ¢ will be true’, and we define G to mean —F—. Ap means: ‘in
all infinite continuations conforming to the protocol, ¢ holds’.

Semantics. Cgrp+ is interpreted over epistemic temporal frames, #, and pairs of the form (&, h), the former being a maximal,
infinite history in our trees, and the latter a finite prefix of ¢ (see [26,28]).

Definition 28. We give the semantics of Lgr+. We skip the boolean clauses. We take h = h’ to mean that h is an initial
segment of b, and p € ProP U PROPyo.

H,e,wh =p iff wh € V(p)

H, &, wh = K iff forall &/, vi' if vh’ C ¢’andvh’ € K[wh] thenH, &', vi' = ¢

H, &, wh = Fo iff there are 0 € £* and wh' C ¢ with wh’ = who and H, &, wh’ |= ¢
H, &, wh = Ap iff forall &’ € P(w) such that wh C ¢’ we have H, ¢/, wh = ¢

To give a temporal characterization of finite identifiability we need to express the following idea. In our epistemic temporal
forest, at any state, it is the case that on all infinite branches there will be a point in the future after which the agent will keep
knowing q;, which means that he will remain certain about the partition of the tree he is in. The special set of propositional
letters PROPyoy corresponds to the underlying theory that allows predicting further events. In this sense, knowing that g;
is equivalent to having a complete knowledge about the state, i.e., for any p € Prop, if p holds in the state, then the agent
knows that p. Formally, with respect to finite identifiability of sets, the following theorem holds.

Theorem 5. The following are equivalent:

1. C is finitely identifiable.

2. ForallS; € We and ¢ € P(S;) the learner’s knowledge about the initial state stabilizes to S; on S;e in the generated forest
For(Me, P).

3. For(Mc, P) = qi — AFGK g;.
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Proof. (1 = 2)Assume thatC is finitely identifiable. Assume, for contradiction, that there is a state S; € W, and w-sequence
& € P(S;) such that the agent’s knowledge does not stabilize to S; on ¢. There are two cases.

Case 1 The learner stabilizes to another state, but then by construction of P(S;) and definition of the generated epistemic
temporal forest, for every finite prefix h C ¢, S;h € K[S;h]. Contradiction.

Case 2 After each finite prefix h C ¢, there is at least one state different from S; that remains epistemically possible. But by
construction of P(S;) this is only possible if S; C S;. Then every finite subset of S; is a subset of S;, and therefore S; € C
does not have a finite definite tell-tale set. Therefore, from Theorem 2, C is not finitely identifiable.

(2 = 3) Assume for contradiction that there is ¢ and h C ¢ such that:

1. For(Me, P), &, h = g;
2. For(Me, P), &, h = AFGK g;

From (1), by the definition of For(Mg, P), it is the case that for all b’ such that i’ C & For(Mc, P), &, i’ = ¢; and that
& € P(S).

From the above and (2), we have that thereis¢’ € P(S;) suchthath C ¢’ andforalll,ifh = I’ C &,For(Me, P), &/, ' |~
K g;. But then it means that there is S; € W, and & € P(S;) such that forall h C &, K[S;h’] # {S;h’}. Contradiction.

(3 = 1) Assume that ¢ = {51, S,, ...} is a class of sets and that For(M¢, P) &= qi — AFGK g;. Hence, for every
Si € We and & € P(S;) there is h T ¢ such that for all B’ with h © b C ¢, For(Mg, P), ¢, i’ = K g;. In other words,
K[Sih'] = {S;h}. We claim that the content of h, i.e., E~' (set(h)) is a definite finite tell tale set for S;. First, observe that by
definition of P we have E~!(set(h)) C S;. Second, E~!(set(h)) is finite because h is finite. Finally, we have to show that for
allj # i, E-1(set(h)) Q Sj. Assume for contradiction that there is an S; such that E~1(set(h)) < Sj. But then Sjh € K[S;h].
Contradiction. [

5. Identification of sets and uniform-no-miracles

The rule of uniform-no-miracles states that any two histories that are not distinguishable from an agent’s perspective
cannot get distinguished by extending them with the same event (or two indistinguishable event states). In our learnability
context a strengthening of this rule seems interesting.

Let us consider the problem of identification in a more general perspective. Objects to be learned do not have to be sets,
in particular their protocols do not have to be order-independent. Except for sets, formal learning theory is also concerned,
for example, with learnability of functions. Possible realities can even be more general, they can be classes of functions—
scenarios of this kind are at heart of many inductive inference games, e.g., card game Eleusis (see, e.g. [30]). Then, the worlds
can be identified with protocols that allow certain sequences of events that can be defined by some logical formula. In
particular, events might be assumed to occur in a certain order. Let us consider the following example.

Example 7. Let us take two possible worlds: w; and w, such that:

1. the protocol for wy allows all infinite sequences that contain all even numbers, and additionally require that whenever
a number is 8 then the successor should be 10;

2. the protocol for w; allows all infinite sequences that contain all even numbers, and additionally require that whenever
a number is 8 then the successor should be 6.

As long as the learner receives even numbers different than 10 he cannot distinguish between the two states, e.g., the two
sequences, h, i, are in both protocols:

®h:2,4,6,8

o h':4,2,6,8

Therefore, we can say that whichever of the two is enumerated, w; ~ w,. However, complementing both of them with the
same event, 10, leads to ‘a miracle’—two hypotheses get to be distinguished.

In principle, there is no reason why such ‘miraculous’ classes of hypotheses should be excluded from learnability con-
siderations. Such cases show a strength of the protocol based temporal approach over the one-step simple DEL update.
The latter is well-suited for set-learning, because set-learning protocols are permutation closed and in this sense they are
reducible to the precondition check. This is why we turned to a more liberal setting of epistemic temporal logic in which the
‘miracle’ of order-dependence is possible.

In general, thinking about learnability in terms of protocols leads to a setting in which the possible realities are identified
with sets of scenarios of what should be expected to happen in the future. In this sense, the most general realities are
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sets—they allow any possible enumeration of their content. Functions allow only one particular sequence of events.? In
between there are a variety of possibilities for defining protocols that can be characterized in an arbitrary way.

6. Conclusions and perspectives

Our work provides a translation of scenarios from formal learning theory into the domain of dynamic epistemic logic and
epistemic temporal logic. In particular, we show that the finite identification of sets can be performed by means of epistemic
update, and that its outcome can be characterized in epistemic logic. Moreover, in the more general context of learnability
of protocols, we show the characterization of finite identifiability in an epistemic temporal language.

Our results indicate that the two prominent approaches, learning theory and epistemic temporal logic, can be joined in
order to describe the notions of belief and knowledge involved in inductive inference. Also, our representation of initial classes
of sets and environments gives an interesting application for the theory of protocols. As we indicated in the previous section
the temporal logic based approach to inductive inference gives a straightforward framework for analyzing various domains of
learning on common ground. In terms of protocols, sets can be seen as classes of specific histories—their permutation closed
complete enumerations. Functions, on the other hand, can be seen as ‘realities’ that allow only one particular infinite sequence
of events. We can think of many intermediate concepts that can be the object of learning. The property that distinguishes
set- and function-learning protocols is their order-(in)dependence. This feature of protocols corresponds to a property of
temporal models that is structurally similar to that of uniform-no-miracles. We perceive its temporal characterization as an
interesting direction of future research.

A natural question arises whether it is possible to use the tools of epistemic logic to analyze other conditions for learn-
ability. The answer is affirmative (see [21]). Limiting learning can be modeled in doxastic extensions of DEL and ETL, that
are enriched by a plausibility relation and therefore also by the notion of belief. Recall that under the condition of finite
identifiability, Learner succeeds if at some finite stage he gives a correct answer, i.e., if at some point he can be sure about
the conjecture. On the other hand, in limiting conditions for learnability Learner gives an answer at infinitely many stages
of the procedure. There is no natural way to represent the current, non-final guess in epistemic frameworks. However, if
we add a doxastic plausibility relation over the set of possible states, the current conjecture can be viewed as the minimal
state according to the plausibility relation at a given stage. Then, the limiting condition of success can be defined as the
stabilization of belief in the generated doxastic epistemic model. This idea resembles learning by erasing, where the actual
positive guess is interpreted to be the least index (according to some ordering) not yet eliminated. The difference is that in
learning by erasing Learner each time removes only one possibility from the initial range of languages.

Directions of further work include extending our approach to other types of identification, e.g., identification of functions;
finding modal framework for learning from both positive and negative information; studying systematically the effects of
different restrictions on protocols. We are also interested in investigating various constraints one can enforce on learning
functions (e.g., consistency, conservatism or set-drivenness) and comparing them to those of epistemic and doxastic agents
in doxastic epistemic temporal logics. Modal logics of belief change are a natural framework to study a variety of notions
that underlay certain concepts of learnability. Moreover, they offer the right tools to analyze multi-agent learning situations,
in particular the interaction and communication and their effect on learnability.
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