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Abstract

We introduce a formal model of explanatory dialogue called EDS. We extend
this model by including argumentation capacities to facilitate knowledge acqui-
sition in inconsistent knowledge bases: To prove the relevance of such model we
provide the DALEK (DiALectical Explanation in Knowledge-bases) framework
that implements this model. “We show the usefulness of the framework on a
real-world applicationsin the domain of Durum Wheat sustainability improve-
ment within the ANR (French National Agency) funded Dur-Dur project. The
preliminary pilotyevaluation of the framework with agronomy experts gives a
promising dndication on the impact of explanation dialogues on the improve-
ment of the knowledge’s content.
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1. Introduction

In the popular Ontology-based Data Access setting the domain knowledge
is represented by an ontology facilitating query answering over existing data
(Poggi et al., 2008). In practical OBDA systems involving large amounts of data
and multiple data sources, data inconsistency might occur (Lembo et al., 2015).
In the literature, such inconsistency is addressed by reparation techniques:ithe
extraction of maximal consistent subsets and reasoning over them (Lembe.et.al.,
2015; Bourgaux, 2016; Du & Qi, 2015; Bienvenu & Rosati, 2013; Bienvemr, 2012;
Lembo et al., 2010) (i.e. considering their intersection, the-intersection of the
closure, etc.). While such strategies ensure quality quéry answering (at a high
computational cost (Lukasiewicz et al., 2015)) théy only\keep the consistent
and contradiction-free subsets of knowledge. This‘approach is too drastic as it
removes a lot of expert knowledge. It would be more fertile to acquire more
knowledge from experts in a rule-governed amd.structured way to potentially
solve some sources of inconsistency. This paper paves the way for such solution.

The motivation of our work-stems, also from a practical aspect. In the Dur-
Dur research project! we aim.at resttucturing the Durum Wheat agrifood chain
in France by reducing pesticide and fertilizer usage while providing a protein-
rich Durum Wheat«The.project relies on constructing a Datalogt (Cali et al.,
2012) multidisciplinaryyknowledge base (involving all actors in the agrofood
chain) whichawill be used as a reference for decision making. This knowledge
base is golleetively built by several knowledge engineers from different sites of
the project. \Due to various causes (errors in the factual information due to
tiypos, erroneous databases / Excel files, incomplete facts, unspoken obvious
information “everybody knows” etc.) the collectively built knowledge base (KB)
is prone to inconsistencies. Applying classical repairing strategies will result in
a loss of considerable amount of acquired knowledge. Consequently, this would

result in an inefficient exploitation of time and resources which were allocated to

Thttp://www.agence-nationale-recherche.fr/?Projet=ANR-13-ALID-0002.



the knowledge engineer in the project. Therefore, more conservative repairing
strategies are needed.

The main salient point of the paper is proposing a formal model of ex-
planatory dialogue used for the acquisition of new knowledge to remove incon-
sistencies. We build on Preece (1993) and focus on improving a prototypical
knowledge base. We propose the EDS formal model of explanatory dialogue that
takes place between the domain expert and the system that explains query en-
tailment in inconsistent knowledge bases in order to better exposetits content to
the expert. We demonstrate how the model’s instantiation is concretely used in
agronomy for improving an inconsistent knowledge base. QOurhypothesis is that
using a formal model of explanation increases the acquired-expert knowledge
and removes inconsistencies.

The contribution of the paper is summarizedrhereafter:

e We propose a formal model of explanatory. dialogues that integrates ques-
tions and argumentation (as opposed to. Walton (2016); Arioua & Croitoru

(2015)).

e We show how the modeliis used in the acquisition of new knowledge in

inconsistent knowledge bases to remove inconsistencies.
e We provide a general schema to implement such model.

We implemented a’dialogue framework called DALEK (DiALectical Explanation
in Knowledge-bases) and carried out a pilot evaluation with agronomy experts.
The goal of this evaluation is to measure the quantity of acquired knowledge
and reduced inconsistencies in the presence/absence of explanation dialogues.
Ourthypothesis is that using explanatory dialogues increases the acquired expert
knowledge and removes inconsistencies.

To show the significance and the motivation of our work consider the follow-

ing example which is an excerpt of a real dialogue within the project Dur-Dur?.

2This dialogue is carried out within the pilot evaluation which will be detailed in Section



Example 1 (Motivating Example). Consider the query =“ Do we perform

stubble breaking?” which was asked by the User and to which the Reasoner

has answered yes. The following is an explanatory dialogue explaining why we

perform stubble breaking.

1.

10.

11.

12.

15.

1.

User: Why do we perform stubble breaking?

Reasoner: Stubble breaking is necessary to prepare the soil.

User: Why do we prepare the soil?

Reasoner: Because there was a cultural precedent on the soil.

User: Which cultural precedent?

User: Sunflower.

User: [ still don’t understand why domwe need to prepare the soil.
Reasoner: The soil needs to be\soften.

User: Okey , I understand.

User: But I still don’t understand why do we perform stubble breaking.
Reasoner: Camygou tell me what are the hazards against Durum Wheat?
User: JFungi, wiruses, weed.

Reasoner: Fxactly, stubble breaking is used against weed. By softening
the soil, the seeds of the weed will germinate and grow. Consequently,

they will be easy to eliminate in the next seeding plan.

User: Ok, I understand now why we perform stubble breaking.

6. Note that the Reasoner uses the Durum Wheat knowledge base that has been constructed

for the project.



The dialogue starts at stage (1) by an explanation request or a why-question
about a factual statement addressed to the Reasoner by the User. At stage
(2) the Reasoner attempts to explain why do we perform stubble breaking.
This attempt has evoked another explanation request at stage (3) to which the
Reasoner attempted to explain at stage (4). This attempt, in its turn,/has
evoked a follow-up question (which-question) which is asked by the User at
stage (5). The User asks such question to better understand the eXplanation
made at stage (4). Unfortunately, after having received an answer to his/her
question at stage (6), the User at stage (7) is still unable to understand why
one needs to prepare the soil. The Reasoner keeps trying tesexplain at stage
(8) where it provides another attempt to explain why“onewteeds to prepare
the soil. Note that at this stage the scope is mot on the first why-question,
but rather on another evoked explanation réquestswhich depends on the first
one. Fortunately, at stage (9) the User,comes\to understand why we need
to prepare the soil. However, this does not necessarily mean that the User
has understood why do we perform stubble breaking. That is why at stage
(10) he/she disacknowledges understanding. At this moment the Reasoner has
chosen another way to explain.)It makes use of question at stage (11) where it
asks the User for Durtm Wheat hazards, then it uses the answer of the User
to give another attempt ap stage (13). Now the User finds this explanation
intelligible. Consequently he/she acknowledges understanding and the dialogue
ends.

As/one should notice, this dialogue aims at making the User understand the
entailment of a query from the Reasoner’s knowledge base. Thus this dialogue
has a pure explanatory purpose. However, since the Reasoner’s knowledge base
may have some inconsistencies the feedback from the User is very important.

Imagine another course of action of the stage (14) where the User opposes

to the explanation at stage (13) as follows:

15. User: This will postpone seeding the Durum Wheat, which is against of

what we want to do on this soil (early seeding).



16. Reasoner: I concede.

The dialogue becomes argumentative where the User opposes to the Reasoner
by giving an argument that attacks its explanation. It is clear from the Reasoner’s
position that we will do a late seeding (a consequence of stubble breaking). This
position is inconsistent with the User’s position. Therefore, it is assumed totbe
wrong since the User is an expert. This means that the Reasoner shouldinot
infer such conclusion. Since the Reasoner could not counterattack the Usezy al-
though it is allowed to do so, it concedes to the User’s position/ From this point,
the dialogue can continue, either by the Reasoner proving-another explanation,
or the Reasoner declaring inability to explain; or by the User in acknowledging
or disacknowledging understanding.

This type of explanatory dialogue is corrective, it\in fact allows us to consider
the feedback of the User in reducing the inferenee of inconsistent conclusions by
exposing the content of the knowledge base in‘awule-governed and goal-directed
manner. It has permitted to show enly the information relevant and related
to the question asked in the first place ‘and allowed to pinpoint directly the
inconsistent position which will makethe process of correcting the inconsistency
easy and feasible.

The dialogue respects.certain rules and uses predefined locutions like “why”,
“understand”, etc. In addition, it makes use of questions and their answers to
generate explanations-and uses argumentation to weigh different contradicting
conclusions. % The dialogue also has a turn taking mechanism where the User
and‘the Reasoner switch turns at each stage. Given this context, the aim of
this paper'is to propose a new formal model of explanatory dialogues called EDS
which.is used to explain query entailment in inconsistent knowledge bases. We
implemented this formal model in a system called DALEK (DiALectical Expla-
nation in Knowledge-bases). We showed how the use of such model can help
in reducing inconsistencies and improve knowledge acquisition in the context of
the ANR (French National Agency) funded Dur-Dur project on Durum Wheat

sustainability.



In Section 2 we present the Datalog+ logical language used to represent and
reason with the knowledge base. Next, in Section 3 we present the extension
of the logical language with questions and explanations. Then, in Section 4 we
introduce the formal model of explanatory dialogues based on the language of
Section 3. After that, in Section 5 & 6 we first present the DALEK framewOrk
that implements the proposed formal model, and then the pilot evaluation on
knowledge acquisition and inconsistency reduction with explanatory”dialogues:

Finally, in Section 8 & 9 we discuss related work and conclude the paper.

2. The Logical Language L

There are two major approaches to represent anontology: Description Logics
(such as EL, Baader et al. (2005) and DL-Lite, Calvanese’et al. (2007) families)
and rule-based languages (such as Datalogt Cali et al. (2009) language, a gen-
eralization of Datalog (Ceri et al., 1989) thatrallows for existentially quantified
variables in rules heads). Despite Datalog+ undecidability when answering con-
junctive queries, different decidablesfragments are studied in the literature (see
(Baget et al., 2011b)). These fragments generalize the aforementioned Descrip-
tion Logics families and evercome their limitations by allowing any predicate
arity as well as cyclic structures. Here we follow the second method and use a
general rule-baséd setting/knowledge representation language.

We consider theipositive existential conjunctive fragment of first-order logic
FOL(3, A) (Chéin & Mugnier, 2009; Baget et al., 2011a). Its language £ is com-
posediof formulas built with the usual quantifiers (3,V) and only the connectors

implication’ (—) and conjunction (A).

Vocabulary. We consider first-order vocabularies with constants but no other
function symbol. A vocabulary is a pair V = (P,C), where P is a finite set
of predicates and C is a possibly infinite set of constants. A term ¢ over V is
a constant or a variable, different constants represent different values (unique
name assumption). We use uppercase letters for constants and lowercase letters

for variables.



Atomic formulae. An atomic formula (or atom) over V is of the form p(t1, ..., t,)
where p € P is an n-ary predicate, and tq,...,t, are terms. A ground atom
is an atom with no variables (e.g. p(A4,C)). A conjunction of atoms is called a
conjunct. A conjunction of ground atoms is called a ground conjunct. By
convention a ground atom is a ground conjunct. A variable in a formula is free
if it is not in the scope of any quantifier. A formula is closed if it hasno free

variables (also known as sentence).

Example 2 (Atoms and conjuncts). As an example, consider the setjof con-
stants C = {John}, P = {student,teacher,teaches} and”a countably infinite
set of variables X = {x1,x2,x3,...}. Then, teaches(John,z1) is an atom,
teacher(John) is a ground atom, teaches(John, xA)A teacher(John) is a con-
junct and teacher(John) A teaches(John,Tom) Nstudent(Tom) is a ground

conjunct.

Facts. Classically, a fact is a grounddatomy/Baget et al. (2011a) extended this
notion, so that a fact may contain existentially quantified variables and not only
constants. Thus, a fact on V is thewexistential closure of a conjunction of atoms
over V. For instance, F' =3x; (teacher(John)Astudent(x1) Ateaches(John, x1))
is an example of a fact"where z; is an existentially quantified variable. We may
omit quantifiers in faets as there is no ambiguity (they are all existentially
quantified). A8 one may/ notice here, the existential variable permit to represent
unknown walues which is an interesting property in this language. We denote
by terms(F) (xesp. vars(F)) the set of terms (resp. variables) that occur in
F.+We exclude duplicate atoms in facts, which allows to see a fact as a set of
atoms. For instance, the fact F' = Jz3y(r(z) A p(A,y) Ar(z)) can be seen as
{p(4,y),r(x)} where vars(F) = {x,y} and terms(F) = {A} . From now on we

may use the set notation and the logical notation interchangeably.

Rules and negative constraints. We denote by T a vector of variables. An exis-
tential rule (or simply a rule) is a closed formula of the form R = VZVy(B —

JZH), where B and H are conjuncts, with vars(B) = Uy, and vars(H) = £UZ.



The variables 2 are called the existential variables of the rule R. B and H are
respectively called the body and the head of R. We denote them respectively
body(R) for B and head(R) for H. We may sometimes omit quantifiers and write
R =B — H. As an example of rules we have R = VaVyp(z,y) — J2q(y, 2). A
negative constraint (or simply a constraint) is a rule of the form N = V#(B —
1). For instance, Vzp(z) A q(z) — L is a negative constraint that says‘that @

cannot be p and q.

Substitution and homomorphism. Given a set of variables X and a set of terms
T, a substitution o of X by 7 (notation o : X — T ) s a mapping from X
to T. Given a fact F', o(F') denotes the fact obtained from F' by replacing each
occurrence of z € X Nwars(F) by o(z). A homomorphism from a fact F to
a fact F’ is a substitution o of vars(F) by (a subset of) terms(F’) such that
o(F) C F’ (Baget et al., 2011a).

Example 3 (Homomorphism). Letd =Yq(A,z)} and F' = {q(4, B),r(A)}
where vars(F) = {x} and terms(F') = {A,;B}. We have two possible substitu-
tions o1 = {(x, A)} and o2 = {(x, B)} where x is substituted by A in o1 and by
B in 09. When we apply’cy (resp. o2) on F we get o1(F) = {q(A, A)} (resp.
o2(F) = {q(A, B)} )./t isiclear that the substitution oo is a homomorphism
from F to F' (unlikexa’) because oo(F) C F' such that oo(F) = {q(A, B)}.

Rule Applicatzon. Ayrule R = B — H is applicable to a fact F if there is
a homomorphism o from B to F. The application of R to F w.r.t. o pro-
ducesia fact\o(F, R,0) = F Uo(safe(H)), where safe(H) is obtained from
H by replacing existential variables with fresh variables (not used variables).
o(F,R{c) is said to be an immediate derivation from F. For instance, let
R)= q(z,y) — p(z,y) and F = {¢(A,B),r(A)}, R is applicable to F' be-
cause there is a homomorphism from {¢(z,y)} to {¢(A, B),r(A)} that sub-
stitutes © by A and y by B. The immediate derivation from F' is the fact
F' = {q(A, B),r(4)} U {p(A, B)}.

10



Derivation and closure. Let F be a fact and R be a set of rules. A fact F' is
called an R-derivation of F if there is a finite sequence (called the derivation
sequence) (Fy = F, ..., F,, = F') such that for all 0 < i < n there is a rule R
which is applicable to F; and Fj;; is an immediate derivation from F;. Given a
fact F' and a set of rules R, the chase (or saturation) procedure starts from F'
and performs rule applications in a breadth-first manner. The chase computes
the closure of F, i.e. Clgx(F), which is the smallest set that contding F' and
that is closed under R-derivation, i.e. for every R-derivation F/ef F,we have
F’' € Clgx(F). Many variants of chase procedures have been studied in the
literature see Baget et al. (2011a). Given a chase variant (C, we,call C-finite the
class of set of rules R, such that the C-chase halts on any, faet-F', consequently
produces a finite C1z(F). We limit our work in this paper to these kind of

classes.

Entailment. Let F and F’ be two facts\ Fwu"F’ if and only if there is a
homomorphism from F’ to F. For instance{r(A,x),d(A)} = r(A4, B). Given
two facts F' and F’ and a set of ‘rules R we say F,R E F’ if and only if
Clr(F) | F' where [= is the.classical first-order entailment (Mugnier, 2011).

Example 4. Let F = {q(A,B),r(D),p(z1,C)} and R = {R1,Ra} such that
Ry = q(z1,y1) Ac(z) — Jd(x1,21) and Ry = p(x2,y2) A r(z2) — m(za, x2).
The following( isha derivation sequence: (Fy, Fi, Fa) where Fy = F, Fi =
{q(A, B) A D),d(A,D),p(x1,C)} and F» = Fy U{m(D,x1)}. We get Fy by
applyifg R, W F then we get Fy by applying Ry on Fi. We say F is an
R-derivation of F. The closure of F is Clg(F) = FU{d(A,D),m(D,x1)}.

Knowlédge base and inconsistency. Let us denote by £ the language described
so/ far, A knowledge base K is a finite subset of L. Precisely, I is a tuple
(F,R,N) of a finite set of facts F, rules R and constraints N. Saying that
K & F means C1z(F) &= F. We say a set of facts F is inconsistent with
respect to a set of constraints A/ and rules R if and only if there exists N € N'
such that Clg(F) | body(N). A knowledge base K = (F,R,N) is said to be

11



inconsistent with respect to R and A (inconsistent for short) if F is inconsistent.
We may use the notation Clx(F) = L to mean the same thing. A conflict in

K is a minimal (w.r.t set inclusion) set of facts in F that is inconsistent.

Example 5 (Knowledge base). The following is an example of a knowledge

base.

e F = {teacher(Linda),teaches(John,Tom),teaches(John, Ahmed)s
teaches(John,x1), taught_in(Tom, C101), taught_in(Ahmed, S101)}

o R = {Vz1Vxa(teaches(z1, x2) — teacher(z1) A student(xa)),

Vz1VzoVas(teaches(x1, x2) A taught_in(zz, x3) — teaches=imi(@, x3))}

o N = {Vz1(teacher(z1) A student(z1) — L)}

One particular thing needs clarification/ " The=fact teaches(John,x1) ex-
presses that there exists an individual x; that Johw teaches, this fact represents
an incomplete piece of knowledge. The existential variable 1 could be a Oliver
or even Linda but all what we know currently is John teaches another one.

In the next section we extend £, to incorporate the notion of questions and

explanations.

3. The Language £7: Questions and Explanations

The posing of questions is crucial for the usability of knowledge bases. It is
often used when querying and inspecting the content of the knowledge base for
information. }Questions can take different forms depending on the intention of

asking them. In this section we consider the following four types of questions:

e Whether questions.
e Which and who questions.

e Why questions.

12



The first question is rather simple but yet interesting, it corresponds to the
case where one would like to know from a set of choices which one is correct.
The second type of questions is the one which is often used in knowledge-base
systems where the user asks for certain answers that satisfy certain properties,
The third question is rarely used, by posing such question the user asks/for
explanatory knowledge about a fact which holds true in the knowledge, base:
This list of questions is far from being exhaustive but we believe that they are
expressive enough to capture more than usual knowledge-base capabilities.

To formally integrate these questions, we extend the language £ to L1 by
incorporating the language of the logic of questions (erotetic®logic, EL for short)
proposed by Wisniewski (2013). Note that other logics can<bé considered, we
limit ourselves to the EL for its simplicity. When<questions/are answered, expla-
nations are used to explain why certain answershold:for certain questions. Since
EL does not account for explanations, we,incorporate a new type of questions
in L1 called why questions.

Following Hamblin (1958), questions are represented as a set of their possible
answers, this is referred to as theésset-of-answers methodology (SAM). It has
been advocated in Hamblin (1958) postulates: (1) An answer to a question is a
statement, (2) knowing what counts as an answer is equivalent to knowing the
question and (3),/Thepossible answers to a question are an exhaustive set of
mutually exclusive possibilities.

Given.the language £, the erotetic language £ is the extension of £’s vo-
cabulaty by the following erotetic signs: question mark (?), curly brackets ({,}),
S, U, W, and the comma.

Now/ let us define the formation rules for a question in £*. The simplest

kind of questions is called a question of the first kind.

Definition 1 (Question of the first kind). A question of the first kind in

LT is an expression of the form 7{A1,..., A} where n > 1 and A;,..., A,

3From Greek which means question.

13



are syntactically different ground conjuncts. If Q =7{A1,..., A,} is a question

then Aq,..., A, are its direct answers.

Note that the brackets ({,}) belong to the vocabulary of the language £
and they do not refer to a set-theoretic notation. Questions are object-level
expressions of a strictly defined form, thus 7{A;, A2} and ?{A2, A;} are syhtac,
tically two different questions. Nevertheless, in the metalanguage level we refer
to the set of direct answers to a question @ as d@. Note that d@4s,a finite set
that contains at least two elements. Questions of the first kind correspond to
whether-questions and they are read as: “Is it the case that»Aj, er isdt the case

that Ag, ..., or is it the case that A,7”.

Example 6. Consider the knowledge base of Example.5 the following is a ques-
tion of the first kind: Q =?{teacher(John), teacher(Lom)}.

Example 7. Let us imagine a group of three,friends, James, Carla and John,
who want to play football. A question of the first kind would be: “Q= Who has
the Ball: James, Carla or John27mOne direct answer is James has the ball. For-
mally, given the ground atoms Ay =vhas(James, Ball), Ay = has(Carla, Ball)
and As = has(John, Ball), the question is put as: Q =7{A1, Ag, As}.

Any set of grotnd conjuncts defines a question (of the first kind) in £V.
Note that we domot consider “James and John have the ball”? nor “James has
not the ball” as direct’ answers because they are partial answers. Direct answers
are those which give the right amount of information to answer the question,
no_more/and no less.

A question of the first kind cannot express questions of the form “Which
Z,is7such that A(F)?” where A is an existentially quantified conjunct with &
ag'its free variables. In this case the question is asking about an individual or
a n-tuple of individuals that satisfy A (asking for one example). In short, the
difference is that here we ask for unknown individuals using free variables.

Questions of the second kind encompass existential and open question.

14



Definition 2 (Existential questions). An existential question in L' is an
expression of the form ?S(A(F)) such that A(T) is existentially quantified con-
Junct with & as its free variables and |Z| > 1. A direct answer to 7S(A(Z))
follows the schema A(Z/U) such that & = (z1,...,2,) and U = (Uy,...,U,)
where for alli € {1,...,n}, Z/U means that the variable z; is substituted bythe
constant U;. The set of its direct answers is dQg = {A(Z/U), ..., A@U) ¥
k> 1.

Thus existential questions consists of the erotetic constants(? and S fellowed

by an existentially quantified conjunct enclosed in parenthéses:.

Example 8. Let IC be the KB of the Example 5. Consider the following existen-
tial question Q@ =?S(A(x,y)) such that A(z,y) = teacher(John)Ateaches(John, z)A
teaches_in(John,y). This question asks which=student and class such that
James teaches that student in that class. Its set of\direct answers is dQ hereafter,
note that for space reasons d@ is abbreviated with the following notation:

dQs = {A(z,y)|z,y € C} such thatC'= {Ahmed, Linda, John,Tom, S101,C101}
is the set of all the constants that appear in K.

Note that dQs U {ATompM120)} is not a correct set of direct answers

because M 120 is not a~constant that appears in K.

This type of questionsfails also to express the question “What are some ¥
such that A(Z)?”. They only give one possible answer. The answer A(Tom, C101)A
A(Ahmed,$101) is not considered here although it is correct.

In‘ what follows we introduce the type of open questions.

Definition 3 (Open questions). An open question is an expression of the
forme?TO(A(Z)) such that A(Z) is an existentially quantified conjunct with free
variables ¥ and || > 1. Let ?S(A(Z)) be its existential question and dQg its
direct answers. A direct answer to ?O(A(Z)) follows the schema:

—

AZ/T) A ... NAE)T), k> 1 where A(Z/U,),..., A(Z/Uy) are the elements
Of dQS
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The set of direct answers dQ o to an open question ?O(A(Z)) consists of all ele-

ments from the set dQgs of its existential question and all of their conjunctions.

Example 9. The following is an open questions Q =?0(A(z,y)) such that
A(z,y) = teacher(James) A teaches(James, x) A teaches_in(James,y). The

set of its direct answers is:

dQo = dQs U {A(Tom,C101) A A(Ahmed, S101), A(Linda, S101) A A(JohnpS101)w
A(Tom, S101),...}.

Still, the framework defined so far does not account for “Why” questions. For
instance, the question “Why is the case that A?” cannot be neither formalized

nor answered. Let us define the syntax of such questions and its direct answers.

Definition 4 (Why questions). A why question. is.an expression of the form
?W(A) such that A is an existentially quantified conjunct with no free variables
(i.e. a fact) called the explanandum. Let K =(F,R,N) be a knowledge base,
a direct answer to T W(A) with respect toykC s a set of facts and rules E C FUR

called an explanation such that:
1. neither €& = L nop€ U {A} & L (consistency).
2. £ E A (entailment).
3. there iswo ELC E that verifies the condition (1) and (2) (minimality).

Thesset of all direct answers dQw is the set of all possible explanations.
facts(&) denotes the factual part of the explanation £ and explanandum(&) is
the object)of the explanation, i.e. A.

A direct answer to a why question symbolizes an explanation for the ex-
planandum. An explanation £ is a set of facts and rules that necessarily entail
the explanandum. The explanation should be consistent in itself and with the
explanandum and the explanation should be minimally relevant, i.e. contains

only information that contributes to the entailment of the explanandum. Note
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that the explanandum is a fact and does not contain free variables, this posi-
tion is advocated in Hempel & Oppenheim (1948); Walton (2011) where the

explanandum should be of a factual nature.

Example 10. Imagine that we have a knowledge base about employee and
their salaries. The following is a why question Q =7?W(A) such that A =
Azhas_salary(Tom,x) which can be read as “Why Tom has a salary” or“Why

1s it the case that Tom has a salary”. A direct answer to @ is:

& = {works_at(Tom,UM), university(UM ), works_at(x1,y1) N untversity(ys ) —
has_salary(z1,21)}. Where
facts(&) = {works_at(Tom,UM), university(U M), workszat(x1,y1)}.

Another direct answer could be:

&' = {retired_from(Tom,UM), university(UM ) retired_from(zz,y2) A

university(y2) — has_salary(xsa, z2)}.
Note that the following:

E" = {works_at(Tom,UM), university(U M), student(Ahmed), works_at(zs,ys) A

university(ys)= has_salary(xs, z3)}

is not an explanation because student(Ahmed) is irrelevant. Note also that,

E\{works_at(TomsU M)} is not an explanation because it violates entailment.

We draw the tention of the reader that the question Q' =?7W(A) such that
A = has_salary(Tom,17000) has another reading different than Q. It is read
as “Why Tomthas a salary 170007”, which would have a different explanation.

Fromynow on, unless otherwise stated, we make now distinction between the
different kinds of questions and we call them questions for short and we refer
by d@ to their set of direct answers. Note that we say two questions are equal
if'and only if they have the same set of direct answers.

The semantics of L7 is called the Minimal Erotetic Semantics (MiES) (Wis-
niewski, 2013) which is the usual model-theoretic semantics of first-order logic
augmented with a new concept called soundness of questions. MiES does not

regard questions as are true or false but rather sound or unsound.
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Definition 5 (Soundness). Given a knowledge base KC, a question @ is sound

relative to K if and only if K = dQ.

This means that a sound question relative to a knowledge base K is a question

that at least one of its direct answers is entailed by K.

Example 11. The question Q =?{teacher(John),teacher(Tom)} of Egample
6 is sound because K |= teacher(John).

In human dialogues, questions are evoked naturally when some body. of in-
formation becomes available within the discussion. Sometimes'questions are not
allowed to be asked if they are based on false informations=These two concepts

correspond to evocation and presupposition in the logic of queéstions.

Definition 6 (Presupposition). A fact F is a presupposition of a question Q if
and only if for each A € dQ, A |= F. The set of all presuppositions of a question
Q 1is denoted by pres(Q). When pres(Q) fwe call Q a regular question.

Example 12. One presupposition of the question @ =7{teacher(John),teacher(Tom)}
is Jxteacher(x) because teacher(John) |= Iz teacher(z) and teacher(Tom) |=

z teacher(x). Informally; the question Q) presupposes that there is a teacher.

Information cangive,raisesto questions, these questions are usually asked to
complete our knowledge about the presented information. We define hereafter

evocation between a fact and a question.

Definjtion 7, (Evocation). Given a knowledge base K = (F,R,N). A fact F

evokes a question Q in K iff:
1. VA € dQ, F £~ A (informativeness), and,
2. K =dQ (soundness relative to ).

An evoked question with respect to a fact F' should be informative rela-
tive to F', that means we cannot answer () by any direct answer that can be
inferred from F' only. The second condition stipulates that ) should sound

relative to the knowledge base K. For instance, in the Example 5 the fact
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F = student(Tom) A teacher(John) A teacher(Linda) evokes the question Q =
?{teaches(John,Tom),teaches(Linda, Tom)), i.e. “Who teaches Tom: John or
Linda?”. It is clear that the first condition is met since F' }= teaches(John, Tom)
and F £ teaches(Linda, Tom). Furthermore, the second condition is verified
because K = dQ. In fact, K | teaches(John, Tom) which is the correct answer
in IC.

Questions imply questions, this is called erotetic implication. For instance;

Definition 8 (Implication). A question @ implies another quéstion Q"in K if
and only if:

o if K |=dQ then K |=dQ’ (soundness relative to K.

e for each B € dQ)' there exists A C dQ such that Ass# ) and B = A.

If the implying question is sound relative to./C then the implied question
must be sound relative to K. Each direct answer to the implied question limits
the scope of possible correct answers ‘of the implying question. In other words,

it gives a partial answer to the initial‘question.

Example 13. Considerthe KB of Example 5. Consider the question QQ =
?{teaches_in(Tom, S101), teaches_in(Ahmed, S101), teaches_in(John, S101),
teaches_in(Linda;"S101)}./This questio