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Abstract. Description logics are a powerful tool for describing ontolog-
ical knowledge bases. That is, they give a factual account of the world
in terms of individuals, concepts and relations. In the presence of un-
certainty, such factual accounts are not feasible, and a subjective or
epistemic approach is required. Aleatoric description logic models un-
certainty in the world as aleatoric events, by the roll of the dice, where
an agent has subjective beliefs about the bias of these dice. This provides
a subjective Bayesian description logic, where propositions and relations
are assigned probabilities according to what a rational agent would bet,
given a configuration of possible individuals and dice. Aleatoric descrip-
tion logic is shown to generalise the description logic ALC, and can be
seen to describe a probability space of interpretations of a restriction of
ALC where all roles are functions. Several computational problems are
considered and aleatoric description logic is shown to be able to model
learning, via Bayesian conditioning.

Keywords: Probabilistic Reasoning - Belief Representation - Learning Agents

1 Introduction

Description logics [1] give a formal foundation for ontological reasoning: rea-
soning about factual aspects of the world. However, many reasoning tasks are
performed in the presence of incomplete or uncertain information, so a rea-
soner must apply some kind of belief model to approximate the true state of
the world. This work investigates the application of description logics to de-
scribing uncertain and incomplete concepts, following the recent development of
aleatoric modal logic [7]. The term aleatoric has its roots in the Latin aleator,
meaning dice player, and it is this origin that motivates this work. Concepts are
not simply described as matters of fact, but can be more generally described as
reasonable bets. While a person may definitely have a virus or not, a virus test kit
with 95% accuracy is effectively a role of a dice. That is, on receiving a positive
test a rational person would accept a 20-1 bet that they’re not infected. There-
fore concepts may be modelled using probabilities corresponding to a rational
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bet that the concept holds true, along the lines of the Dutch book argument
of Ramsey [21] and de Finetti [5]. The fundamental assumption of this work is
that an agent models the world aleatorically, where events correspond to the roll
of dice, and the bias of the dice is treated epistemically. That is, the agent has
prior assumptions about the bias of the dice, and may refine these assumptions
through observing the world.

Aleatoric description logic aims to model reasoning in uncertain and sub-
jective knowledge settings [10, 12]. However, aleatoric description logic takes an
approach where the probabilistic and logical aspects of the knowledge base are
completely unified, rather than several other approaches where these are inde-
pendent facets of the knowledge base [4,23,17]. Therefore all concept and roles
are represented by “dice rolls” corresponding to an agent’s beliefs on the likely
configuration of the world.

An advantage of this “probability first” approach is that aleatoric descrip-
tion logic is naturally able to model learning via Bayesian conditioning over
complex observations (i.e. logical formula). Aleatoric modal logic is introduced
in [7], where the semantics are presented along with a proof theoretic calculus.
This paper extends that syntax and semantics to an aleatoric description logic,
following the correspondence between description logics and modal logics [1].

2 Aleatoric Description Logic

This section presents the core syntax and semantics for Aleatoric Description
Logic (ADL). This is a generalisation of standard description logics, such as
ALC, in the same sense that complex arithmetic is a generalisation of real-
valued arithmetic: the true-false/0-1 values of description logics are extended to
the closed interval [0, 1].

The syntax of ADL varies from that of ALC in a number of ways: there is
a ternary operator, if-then-else, in place of the typical Boolean operators, and a
marginalisation operator in place of the normal role quantifiers. These operators
add expressivity, but also better capture the aleatoric intuitions of the logic.

The syntax for ADL is specified with respect to a set of atomic concepts, X
and a set of roles, R:

a =T LA (@?a:a) | [p] (o)

where A € X is an atomic concept, and p € R is a role. Let the set of ADL
formulas generated by this syntax be Lap1,. This syntax uses non-standard op-
erators and the following terminology is used: T is always; L is never; A is some
named concept that may hold for an individual; (a?S:7v) is if « then J, else ~;
and [p] («|PB) is p is « given (.

We also identify a special role id € R referred to as identity, which essentially
refers to different possibilities for the one individual, and write (| ) in place
of [id] ([ B).

In these semantics every thing is interpreted as a probability dependent only
on the individual: T always has probability 1.0 and L always has probability
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0.0; an atomic concept A has some probability that is dependent only on the
current individual; («?3:y) has the probability of 8 given « or 7 given not «;
and [p] (o] B) is the probability of a given 5 over the set of individuals in the
probability distribution corresponding to p.

2.1 Probabilistic Semantics

A formula of aleatoric description logic is interpreted with respect an aleatoric
belief model, that is based on the probability model of [7] and the probability
structures defined in [10]. Given a countable set S, we use the notation PD(S)
to notate the set of probability distributions over S, where p € PD(S) implies:

p:S —[0,1];and ] g u(s) = 1.

Definition 1. Given a set of atomic concepts X, and a set of roles R, an
aleatoric belief model is specified by the tuple B = (I,r,£), where:

I is a set of possible individuals.

— r: R x I — PD(I) assigns for each role p € R and each individual i € I, a
probability distribution r(p,i) over I. We will typically write p(i, ) in place
of r(p,1)(j)-

— For the role id, we include the additional constraint: for all i,j,k € I,
id(i,4) > 0 implies id(j, k) = id(i, k).

— £ :IxX — [0,1] gives the likelihood, £(i,C) of an individual i satisfying

an atomic concept C. We will write C(2) in place of £(C,1).

Given some i € I, we let B; be referred to as a pointed aleatoric belief model.

Definition 2. Given an aleatoric belief model B = (I,r,{), some i € I, and
some « € ADL we specify the probability B assigns i satisfying o, B;(«), recur-
sively. We use the abbreviation Efa = 3. ; p(i, j)Bj(), where p € R. Then:

Bi(L)=0 Bi((a?B:)) = Bi(«).Bi(8) + (1 — Bi()).Bi(7)
(M) =1 Billpl(a]p) = 202050 4 prg > g
Bi(C) = C(i) Billpl (a]B) =1, if E{B =0

In these semantics each proposition can be seen as an event (or a series of
conditional events), and the interpretation describes the probability of that event
being observed.

For example, the following proposition describes the concept of someone hav-
ing been exposed to a virus, given they were in contact with someone who had
a fever

exp = (virus? T:[contact] (infectious| fever)) (1)

“The person was either already (asymptomatically) infected, or some person
selected from the population of contacts who have a fever, was infectious”.

To evaluate this the concept wvirus is sampled, to see if they already have
the virus (there may be a 1% chance). In the cases where they didn’t already
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have the virus, random individuals are sampled from the population of contacts,
and the concept fever is sampled from the individuals until a febrile contact is
selected. The probability associated to the proposition exp is the probability of
this process selecting an individual where infectious is sampled.

An important property of these semantics is the weak independence assump-
tion: All formulas of ADL are contingent only on the individual at which they
are evaluated. This means that two formulas evaluated at the same individual
may be viewed as independent probabilistic events.

That is, the probability of a coin landing heads twice in a row is independent
of the probability of the same coin landing heads once. Both events are contingent
on the bias of the coin, so in universes where the coin is more likely to land heads,
both events are more likely, but the event are conditionally independent given
the universe (or the possible individual). This simplifies the representation of
complex dependencies, as the joint probability of all events can be constrained
to be a probability distribution of individuals, where all event are conditionally
independent given an individual.

2.2 Aleatoric Knowledge Bases

An aleatoric knowledge base is defined over the same signature of atomic con-
cepts X and roles R, including id. Additionally there is a set of named individ-
uals, N, which may be thought of as special concepts for grounding assertions
and framing queries. In line with the epistemic nature of these knowledge bases
each named individual can be any one of a number of possible individuals, and
the distribution of these possible individuals is represented by the role id.

As with ALC we have terminological axioms and assertional axioms. The
aleatoric terminological axioms or T-Books describe rules that are universally
true for all individuals, and thus provide a non-probabilistic intensional defi-
nition of the concepts and roles in the logic. Aleatoric assertional axioms or
A-Books describe subjective extensional information by listing the probabilities
with which individuals satisfy given concepts and roles. It is not the case that
T-Books describe concept inclusion nor subsumption as TBoxes do in ALC, as
these concepts do not have a strong intuitive foundation in an aleatoric setting.
Instead T-Books provide a means to constrain strength of belief.

Definition 3. The aleatoric terminological axioms have the form:
a = B (a is no more likely than 8) and « = (« is exactly as likely as f3).
A T-Book is a set of aleatoric terminological axioms.

These axioms place universal constraints on the likelihoods of aleatoric for-
mulas being true. For example we might include an axiom first < place, meaning
coming first in a race is no more likely than placing (coming first, second or
third). Alternatively, we could define placing precisely as coming first, second
or third, via the axiom place = first Ll second U third, and then first < place is
implicitly true.
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Definition 4. The aleatoric assertional axiom (or simply assertions) have the
form:

— a:? «, where a € N, p € [0,1] and a € ADL asserts a belief that individual
a satisfies concept o, with probability p.

— (a,b) P p, where a,b € N, p € [0,1] and p € R asserts that individual b
satisfies the role p for a with probability p.

An A-Book A is a set of aleatoric assertional axioms, and A is a well-formed
A-Book if for every a € N, for every p € R, >, .n{p | (a,0) P p} < 1.

While T-Books give intensional definitions of concepts, A-Books give an exten-
sional definition by describing the concepts and roles in terms of the individuals.
As such an A-Book captures an agent’s current state of belief, just as a book-
maker’s book describes the current odds for a race. An A-Book is well-formed if
the roles described can be extended to a probability distribution (i.e. the prob-
abilities sum to less than 1).

While an A-Book is existentially quantified, T-Books are universally quanti-
fied and consequently a very powerful formalism.

Definition 5. An aleatoric knowledge base K = (A, T) is a pair consisting of
a set of assertional azioms A and a set of terminological azioms T .

An aleatoric knowledge base describes a belief, or subjective position of an
agent, that can correspond to a number of different interpretations. The seman-
tics for these interpretations are given below.

An interpretation satisfies the aleatoric knowledge base K = (A, 7T) iff it
satisfies all the axioms in A and 7.

Definition 6. Given an aleatoric knowledge base KK = (A, T) over the signature
(X, R,N), and an aleatoric belief model B = (I, R, £) over the signature (XUN, R)
satisfies IC iff:

— For every a € N, for every i € I, a(i) € {0,1} and for all i,5 € I, a(i) =1
and id(i,j) > 0 implies a(j) = 1. That is, the names are absolute concepts,
and two possibilities for a single individual will share a name.

— For azioms o X B €T, for alli € I, B;i(a) < B;(8).

— For azioms a~ B €T, for alli € I, Bi(a) = B;(8).

— For azioms a P a € A, for all i € I with a(i) =1, B;(Ea)=p

— For azioms (a,b) P p € A for all i € I with a(i) =1, > ,c;p(i,5) - b(j) = p.

We say that a knowledge base K is consistent if it is supported by at least one
aleatoric belief model.

Table 1 gives a set of abbreviations familiar in the context of description
logics.

The abbreviation in the right column of the table corresponds to a process
of repeated sampling: Where n,m € w, am corresponds to the likelihood of a
being sampled at least n times out of m. (A similar abbreviation can be defined
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Table 1: Some abbreviations of operators in ADL.

term | formula interpretation

ang| (a?8:1) Bi(a).B:(B) ‘

aUB| (a?T:8) [Bi(a) + Bi(B) — Bi(«)-Bi(B) 1 if n.=0
—a | (a?L:T) 1—Bi(a) am=¢0 it m<n

a= B @BFT) | 1-Bi(a)+ Bi(a).B:(B) (a?am—l :a%) ifn<m
Bpo [T | Syes P6.0) 55 (0)

Ip.a |H[p] (L]a)| 1if Eya# 0, 0 otherwise.

for o coming up T ezactly n times out of m.) Note that this does not describe
a probability or frequency, but an event. So a5 does not mean « is sampled at
least 80% of the time. Instead it describes the event of a being sampled 4 times
out of 5, which would be quite likely (0.88) if a had probability 0.8, and unlikely
(0.19) if o had probability 0.5. This formalism can encode degrees of belief in
an elegant way. If an agent were to perform an action only if they believed «
very strongly, one might set Q10 asa precondition for the action, and if an agent
were informed of a proposition 8 by another agent who is considered unreliable,
they may update their belief base with the proposition 3 3.

These operators may not appear logical: M is not idempotent, and appears
similar to the product t-norm of fuzzy logic [25]. However, Section 3 shows that
these new operators are inherently probabilistic and represent the process of
reasoning over a probability space of description logic models. Furthermore, re-
stricting the concept probabilities to be 0 or 1, it can be seen that the semantic
interpretation of M, - and dp agrees with the standard description logic se-
mantics, so classical description logic can be seen as a special case of aleatoric
description logic.

2.3 Example

For example, suppose we have three agents: Hector, Igor and Julia. They each
may have a virus (V), or not, and they also may have a fever (F), whether
they have the virus or not. For each possible individual, there is a probability of
them having a fever, which is naturally higher for possible individuals with the
virus. Each agent will occasionally come into contact with another agent, and
the identity of this agent is described by the probability distribution contact.
Finally, for each possible individual there is the probability of them being the
actual agent (id).

An aleatoric knowledge base could model that Hector is very likely not to
have the virus; Julia is likely to have the virus, Julia is very likely to have a
fever and it is likely that Hector came into contact with Julia. Furthermore, a
terminological axiom can specify the belief that a new exposure to the virus
(exp) occurs if an agent did not already have the virus, but came into contact
with some febrile person who did have the virus. We can calculate the probability
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of an agent being newly exposed to the virus:
E-V e (V|F)) < exp
Thus the aleatoric knowledge base K = (A, T) is:

A = {Hector :*! V, Julia %7V, Julia:*% F, (Hector, Julia):%3 c}
T ={E(=VN[c](V|F)) = exp}

To determine if the knowledge base necessitates that there is a greater than 25%
chance of Hector being newly exposed to the virus, the axiom Hector :°-2° exp
can be inserted into the knowledge base, and consistency checking can be applied.
This process is described in the following section.

An interpretation that satisfies the knowledge base is presented below. For
each agent, we suppose that there are two possible individuals (PI), one with
the virus (e.g. Hector1) and one without (e.g. Hector0). Note that the weighted
probabilities of these agents satisfy the constraints of the A-Book, A.

The probabilities for this scenario are given in Table 2, and a graphical rep-

resentation is given in Figure 1.

Fig.1: A graphical example of the virus
transmission scenario.

Table 2: Initial probabilities for agent,
contacts, virus and symptoms O

PI |id| V| F|H |H | L |L|J]|& N
Hector|0.9]0.0[0.1] 0.0 [ 0.0 |0.15]0.150.21|0.49 /G
Hector;|0.1{1.0(0.6] 0.0 | 0.0 |0.15]|0.15]|0.21]0.49 o1 9
Igoro |0.5/0.0({0.3[0.04|0.36| 0.0 | 0.0 |0.18]0.42 id!

Igor; |0.5/1.0[0.8[0.04]0.36] 0.0 | 0.0 |0.18]0.42 09, ™
Juliag |0.3/0.0[0.2[0.04[0.36] 0.3]0.3]0.0|0.0 0
Julia; |0.7|1.0[0.9]0.04]0.36] 0.3 | 0.3 [0.0 | 0.0 0 Lo

Interpreting this for Hector, we see the probability Hector was newly ex-
posed to the virus is approximately 0.7. The working for this is shown in Table 3.

2.4 Reasoning with Aleatoric Description Logic

This section will consider computational properties of aleatoric description logic.
The particular questions considered are:

Model Checking: Given an aleatoric belief model B; and some formula «, what
is the value of B;(«)?

Satisfiability: Given an aleatoric knowledge base, K = (A, T), is it consistent?
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Table 3: A calculation of the chance of Hector being newly exposed with the
virus, after a chance encounter with a person with a fever.

Io FI() = 037 (V M F)Io = 007 C(Ho7 Io) = C(H17 Io) =.15

I1 F11 = 087 (V M F)Io = 087 C(Ho7 Io) = C(H17 Io) =.15

Jo FJO = 02, (V M F)Jo = 007 C(Ho7 Jo) = 0217 C(Hl7 Jo) = 49
J1 FJ1 = 097 (V M F)Jo = 097 C(Ho7 Jo) = 0217 C(H17 Jo) = .49
S, o(Ho,2) (V)

Ho| Vo = 0.0, 1ido =09, [c](V|F)= S ) e =0.78
T - N
H|Vi=10, id =01, [c](V|F)=Zezu® Ve _ g

J
Y=g, c(H1,@) Fo

H| BV (VIF) =Y, _,1-V,) - ide.[c] (V|F)=0.7

The main question of interest is whether there is any interpretation that
could possibly correspond to a given aleatoric knowledge base. However, by as-
signing flat priors to all unknown (or ambivalent concepts) one can define an
interpretation and get a partial answer via model-checking.

Theorem 1. Given a pointed belief model B; consisting of n possible individuals,
and a formula a consisting of m symbols, the value B;(a) can be computed in
time O(n*m).

See [8] (Lemma 4.7) for proof.

To be able to perform inference based on an aleatoric knowledge base, we
must first determine if it is consistent (i.e. agrees with at least one aleatoric belief
model). A partial solution is given here for acyclic aleatoric knowledge bases.

Definition 7. A concept C is an atom if C € XU{T, L} (i.e. C is an atomic
concept, always, or never). A terminological axiom is simple if it has the one of
the forms

— C = (D?E:F) where C, D, E and F are all atoms.
— C = [p|(D|E) where C, D and E are all atoms.

A simple T-Book, T, is a T-Book consisting only of simple terminological az-

ioms. A simple T-Book, T, is acyclic if there is no sequence of concepts Cy, ..., Cy
where:
— foralli=1,...,n, either:

o there is some C = (D?E:F) € T, where C;,C;—1 € {C,D,E,F} NX;

o there is some C =~ [p| (D|E) € T, where C;,C;—1 € {C,D,E} NX;
— there is some i where C =~ [p] (D|E) € T and C;,C;—1 € {C,D,E} NX;
- Co=0C,.

An A-Book, A is simple if for all aleatoric assertional axioms o € A of the form
a P «, it is the case that « is an atomic concept. If A is a simple A-Book and
T is a simple T-Book, the K is a simple aleatoric knowledge base, and if T is
also acyclic I is an acyclic simple knowledge base.
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The following lemma is a useful simplification.

Lemma 1. Fvery aleatoric knowledge base K = (A, T) is equivalent to a simple
aleatoric knowledge base, K'.

See [8] (Lemma ?7?7?) for proof.

Theorem 2. Given a simple aleatoric knowledge base K = (A, T) where T is
acyclic, it is possible to determine if K is consistent with complexity PSPACE.

The process for the satisfiability theorem is to build a system of polynomial
equalities and inequalities corresponding to the axioms in . This system of
constraints is satisfiable if and only if K is satisfiable. The number of variables,
inequalities and equalities in the system is polynomial in the size of I, so deter-
mining if the system is satisfiable reduces to IR (the satisfiability of existentially
quantified polynomial equations) which is in PSPACE [2]. See [8] (Theorem 4.8)
for a full proof. The case for non-acyclic T-Books is left to future work.

3 Expressivity

From Table 1 it can be seen that aleatoric description logic generalises ALC, in
the sense that ALC can be mapped to the 0 — 1 fragment of ADL. However,
this mapping overlooks the probabilistic aspect of ADL and how this relates to
uncertainty in description logics.

The semantic interpretation of aleatoric description logic can be seen as in-
terpreting ALC over a probability space of interpretations where all roles are
functions. The aleatoric belief models of ADL describe a probability space of
these simple descriptions, and the semantics of ADL recursively define the like-
lihood of a formula holding in models sampled from this probability space.

A probability space [13] is a tuple (£2, F, P), where (2 is a set, F is a o-algebra
over {2 (the events), and P is a probability measure on F that is countably
additive.

Theorem 3. Given a formula o of ALC and an aleatoric belief model B;, there
exists: a formula o that is logically equivalent to o in ALC; and probability
space (25, F PB:) where: 25 is a set of functional ALC models; F is an
algebra over 25 consisting of an element B for every ALC formula 3; and P5:
18 a probability measure on F derived from B;. This probability space is such that

PBi(&) = Bi(a*).

The proof and necessary constructions can be found in [8] Section 5. This re-
sult gives a foundation for the semantics of ADL, establishing a correspondence
between the probabilistic operations of ADL, and the deterministic operations
of ALC applied over a probability space of interpretations. This way, ADL rep-
resents reasoning where an agent has in mind a probability space of possible
interpretations for the state of the world. By observing the world, the agent is
able to refine this probability space, and learn a better representation for their
beliefs.
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4 Learning

An aleatoric belief model describes an agent’s beliefs and prior assumptions and
the agent may update these beliefs based on observations, via Bayesian condi-
tioning. This section will introduce two learning mechanisms, role learning and
concept learning whereby an agent may update the distribution of individuals
fulfilling a role, and also update the aleatoric probabilities associated with an
atomic concept at an individual. These mechanisms are unique to ADL and pro-
vides a compelling advantage over alternative probabilistic description logics [4,
17,9, 23, 20].

4.1 Role learning

Role learning refines the probability distribution associated with a role p. For a
pointed aleatoric belief model, B; = (I,r,¢,14), for every j € I, p(i, j) is the prior
probability that j fulfils the role of p for i. Given an observation which is an
ADL formula of the form [p] (a| T), B;(e) is the probability of this observation
holding, given j fulfils the role of p for i. Via Bayes’ rule, it follows that the
probability of j fulfilling the role of p for i, given the observation is:

p(ivj) ) Bj(a)
Bi([p] (| T))

(the prior probability of j is multiplied by the probability of a given j, divided
by the probability of «).

p'(i,5) =

Definition 8. Let B; = (I,7,¢,i) be an aleatoric belief model, and ¢ = [p] («|f)
an observation, made at i. The ¢-update of B; is the aleatoric belief model B? =
(I,r,£,3), where for all o' # p and j # i, 7% (p/,§) = r(p,5) and for all j € I

pli; j) - Bj(a)
Bi(lp] (a]B))

Thus an agent with an aleatoric model of the world may update their epis-
temic uncertainty of the distribution of roles, via Bayesian conditioning. The
¢-update of B; is the agent’s posterior model of the world.

Given the example in Subsection 2.3, suppose that Hector’s belief model is
B = (I,r,¢,i), and Hector is informed that the contact has tested positive for the
virus. Hector is also informed that the test used has a 10% false positive rate, so
Hector’s belief model now includes an atomic concept FP that is 0.1 everywhere.
Let ¢ = [¢] (FP?T:V)|T) and then the ¢-update of By, is computed by:

% p,1)(j) =

c(i,5) - (0.14+0.9- B;(V)

r0:? (¢, Ho)(j) = By, ([c] (FP?T:V)|T))

Substituting in the values from Table 2, Hector is able to discount the possible in-
dividuals without a virus and condition the distribution for contact accordingly.
The ¢-update of By, is represented in Figure 2.
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Fig.3: Concept learning applied to the
aleatoric belief model in Figure 1, where
Hector applies the belief that he would
only have a fever if and only if a contact
Fig. 2: The ¢-update of the aleatoric belief had a fever. The model on the left is the F-
model in Figure 1, after Hector is told a extension, and the probabilities in brackets
contact has tested positive for the virus. are the values after role learning has been
The updated values are bold. applied to id.

4.2 Concept learning

Role learning is a natural application of Bayes’ law since the learning is applied
to a probability distribution of possible individuals. However, the probabilities
of atomic concepts are modelled as dice, and hence independent of all other
variables beyond the possible individual. This means we gain no additional in-
formation from applying Bayes’ law. If it was possible to observe atomic concepts
directly (and often) it would be simple to refine a statistical model of the prob-
abilities. Observations in ADL are complex formulas, so it is preferable to find
a more general solution.

Concept learning addresses these issues by introducing new possible indi-
viduals in such a way that they do not affect any expected values for named
individuals but with variations in the aleatoric probability of concepts, which
may then be learnt via role learning, given arbitrary observations. The details
of such a construction are given in [8], Section 6.

In the example of Subsection 2.3, suppose that the assessment that the
likelihood of Hector having a fever is to be reassessed, based on the obser-
vation (or possibly erroneous belief) that Hector would have a fever if and
only if Hector’s contact had a fever. A new world Hy is replaced by Ho' and
Ho? where Hol(F) = 2Ho(F) — Ho(f)? = 0.84, and Ho?(F) = Ho(F)? = 0.36.
The probabilities are then updated via role learning over id, given the observa-
tion ¢ = Ei4(F?E.F:E.—F), where the relevant fragment of the aleatoric belief
model is shown in Figure 3. Note, the model has been revised to make the exam-
ple clearer. Aggregating Ho' and Ho? back into a single node by taking weighted
sums of the likelihoods gives the updated probability of F' at Ho to be 0.56.
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5 Related work

There is a substantial amount of work on logics for reasoning about uncertainty
[10], including [15, 14, 24], and going back to the works of Ramsey [21], Carnap
[3] and de Finetti [5].

Markov Logic Networks [22] (generalising Bayesian networks and Markov
networks) address a similar problem of providing a logical interface to machine
learning methods. These approaches attach a probabilistic interpretation to for-
mulas in a fragment of first order logic, rather than providing a probabilistic
variation of first order logic operators.

There is some commonality in purpose with probabilistic logic programming
[16, 6], although the concepts are constrained to be Horn clauses, where atomic
formula are mutually independent.

There is a growing body of work addressing the need for probabilistic rea-
soning in knowledge bases. In [11], an inductive reasoning approach is applied
to include probabilities with rules; in [9], a subjective Bayesian approach is pro-
posed to describe the probabilities associated with a concept or role holding; and
Lukasiewicz and Straccia [17] have proposed a method to include vagueness (or
fuzzy concepts [25]) in descriptions logics. Probabilistic extensions of description
logics have also been proposed by Rigguzzi et al [23] and Pozzato [20]. These
approaches extend knowledge bases to include probabilistic assertions and ax-
ioms, and provide an extended syntax for querying probability thresholds. Some
work on learning parameters and structure of knowledge bases via probabilistic
description logics has been done, including Ceylan and Penaloza [4], who have
proposed a Bayesian Description Logic that combines a basic description logic
framework with Bayesian networks [19] for representing uncertainty about facts,
and Ochoa Luna et al [18] who applied statistical methods to estimate the most
likely configuration of a knowledge base.

These approaches are very different to the work presented here, as proba-
bilities are not propagated through the roles, and they do not permit learning
based on the observation of complex propositions.

6 Conclusion

This paper has introduced a novel approach for representing uncertain knowledge
and beliefs. Generalising the description logic ALC, the aleatoric description logic
is able to represent complex concepts as independent aleatoric events. The events
are contingent on possible individuals so they give a subjective Bayesian inter-
pretation of knowledge bases. This paper has also given computational reasoning
methods for aleatoric knowledge bases, and shown how aleatoric description logic
corresponds to a probability space of functional ALC models. The aleatoric con-
cepts and roles enable a simple learning framework where agents are able to
update their beliefs based on the observations of complex propositions.

Future work will examine the complexity of the satisfiability problem for
non-acyclic T-Books, and investigate implementing a reasoning system for aleatoric
description logics.
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