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Foreword

This volume contains the papers presented at the Eleventh Flexible Query
Answering Systems 2015 (FQAS-2015) held on October 26-28, 2015 in Cracow,
Poland. The international conferences on Flexible Query Answering Systems
(FQAS) are a series of premier conferences focusing on the key issue in the
information society of providing easy, flexible, and intuitive access to information
and knowledge to everybody, even people with a very limited computer literacy. In
targeting this issue, the Conference draws on several research areas, such as
information retrieval, database management, information filtering, knowledge rep-
resentation, soft computing, management of multimedia information, and human-
computer interaction. The Conference provides a unique opportunity for
researchers, developers and practitioners to explore new ideas and approaches in a
multidisciplinary forum. The previous FQAS conferences, which always attracted a
large audience from all parts of the world, include: FQAS 2013 (Granada, Spain),
FQAS 2011 (Ghent, Belgium), FQAS 2009 (Roskilde, Denmark), FQAS 2006
(Milano, Italy), FQAS 2004 (Lyon, France), FQAS 2002 (Copenhagen, Denmark),
FQAS 2000 (Warsaw, Poland), FQAS 1998 (Roskilde, Denmark), FQAS 1996
(Roskilde, Denmark), FQAS 1994 (Roskilde, Denmark).

An important contribution of the Conference has also been the fact that has
greatly facilitated, and often made possible, a deeper discussion on papers presented
which as a rule has resulted in new collaborative works and a further progress in the
areas.

The Workshop has been partially supported, financially and technically, by
many organizations, notably: Systems Research Institute, Polish Academy of
Sciences; Department IV of Engineering Sciences, Polish Academy of Sciences;
Cracow Branch, Polish Academy of Sciences; Academia Europaea — The Hubert
Curien Initiative Fund; Ghent University; Polish Association of Aurtificial
Intelligence, and Polish Operational and Systems Research Society. Their support is
acknowledged and highly appreciated.



vi Foreword

We hope that the collection of main contributions presented at the Conference,
completed with plenary talks by leading experts in the field, will provide a source of
much needed information and inspiration on recent trends in the topics considered.

We wish to thank all the authors for their excellent contributions and their
collaboration during the editing process of the volume. We are looking forward to
the same fruitful collaboration during the next FQAS Conferences of this series that
are planned for the years to come. Special thanks are due to the peer reviewers
whose excellent and timely work has significantly contributed to the quality of the
volume.

And last but not least, we wish to thank Dr. Tom Ditzinger, Dr. Leontina di
Cecco and Mr. Holger Schaepe for their dedication and help to implement and
finish this large publication project on time maintaining the highest publication
standards.
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Part 1
Preferences, Desires, Perception of Time,
and Logical Foundations



Revising Desires — A Possibility Theory
Viewpoint

Didier Dubois , Emiliano Lorini and Henri Prade

Abstract As extensively studied in the artificial intelligence literature, agents may
have to revise their beliefs when they receive a new piece of information, for avoid-
ing inconsistency in their epistemic states, since one cannot believe p and believe
—p at the same time. Similarly desiring p and —p simultaneously does not sound
reasonable, since this would amount to be pleased by anything. This motivates an
approach for revising desires, a topic remained largely untouched. Desires do not
behave as beliefs. While beliefs are closed under conjunction, one may argue that
the disjunction of desires reflects the endorsement of each desire. In a possibility
theory modeling setting, desires are expressed by a strong possibility set function,
while beliefs are encoded by means of a necessity function. The paper outlines an
original approach to the revision, the expansion, and the contraction of desires in the
framework of possibility theory, and contrasts it with belief revision.

Introduction

Desires, goals, preferences, often used interchangeably (see, e.g., [23]), are all mem-
bers of the family of motivational attitudes. This family is traditionally opposed to
the family of epistemic attitudes including knowledge and belief. The distinction
epistemic vs. motivational is in terms of the direction of fit of mental attitudes to the
world. While epistemic attitudes aim at being true and their being true is their fitting
the world, motivational attitudes aim at realization and their realization is the world
fitting them [22, 25]. The philosopher J. Searle [26] calls “mind-to-world” the first
kind of direction of fit and “world-to-mind” the second one.

While the word ‘preferences’ seems to have a generic meaning, goals are intended,
they are like intentions, which is not the case for desires. Indeed a goal usually refers
to a desire that has been selected by an agent in order to try to reach it. This distinction

D. Dubois - E. Lorini - H. Prade ()
IRIT — CNRS, 118, route de Narbonne, 31062 Toulouse Cedex 09, France
e-mail: {dubois,lorini,prade} @irit.fr
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between desires and goals is supported by the possibilistic setting, where they are
modeled differently. A goal p with a priority level « is translated by a constraint
of the form N(p) > « where N is necessity measure. This fits with the idea that
having p A g as a goal is the same as having p as a goal and having ¢ as a goal. In
that respect, see [19] for a possibilistic logic view of flexible querying in terms of
prioritized goals.

As suggested in [6], and advocated in [9], a desire p is properly represented by a
constraint of the form A(p) > « which stands for “the agent desires p with strength
at least o, where A is a strong possibility measure [13].

In the context of possibility theory, this concept of desire is also contrasted with the
concept of belief that is properly represented by a constraint of the form N(p) > «
which stands for “the agent believes p with strength atleast«”, where N is a necessity
measure. However, the fact that beliefs and goals are represented by constraints of
the same type does not mean at all that beliefs and goals are the same. Since they
respectively represent what it is known about the current state of the world, and how
the agent would like the state of the world becomes, it is crucial to keep beliefs and
goals separated in two different possibilistic logic bases in decision under uncertainty
problems; see [7].

The use here of necessity measures and strong possibility measures for modeling
the beliefs and the desires of agents, should not be confused with their use for
modeling bipolar queries where we need to distinguish between what is compulsory
to reach (since the opposite should be avoided), and what would be really satisfactory
to get [14, 17]. Such a later bipolar view is left aside in the following, where one
considers positive desires only (namely those that it would be really satisfactory to
concretize). Modeling desires of endusers is a task ahead the expression of definite
queries whose purpose is to check if intended desires are feasible and how.

“It makes no sense to want everything and its opposite at the same time” says
the wisdom of mankind. Otherwise, one is led to indetermination. In other words,
one cannot desire p and desire —p at the same time. This parallels the fact that one
cannot believe p and believe —p at the same time, without being led to inconsistency.
Revising beliefs copes with this constraint. Similarly, revising desires should cope
with the previous constraint. But beliefs and desires obey different principles.

Beliefs, modeled by means of necessity measures, satisfy

N(p A q) =min(N(p), N(q))
i.e., believing p and g amounts to believing p and to believing ¢g. Thus we have
min(N(p), N(=p)) = N(L) =0

where L denotes contradiction. This expresses that one cannot believe in p and in
—p in the same time while remaining consistent. We also have

N(pV q) = max(N(p), N(q))
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which is nothing but the increasingness of N with respect to entailment (i.e., if r £ s
then N (r) < N(s)), and fits with the fact that one may believe p V¢ without believing
p or believing ¢ more specifically.

Desires rather obey the principle

A(p Vv q) = min(A(p), A(q))
i.e., desiring p or ¢ amounts to desiring p and to desiring g. Thus we have
min(A(p), A(=p)) = A(T) =0

whereT denotes tautology. Moreover A(p Aq) > max(A(p), A(g)). This indicates
that A is decreasing with respect to entailment (i.e., if » F s then A(r) > A(s)).

Since desires do not behave as beliefs — N increases while A decreases with
respect to entailment — belief revision does not straightforwardly apply to desire
revision. One needs a slightly different theory for desire revision.

After restating and explaining the modeling of desires in terms of A functions,
and providing a refresher on belief revision in the setting of possibility theory, the
paper introduces and discusses the revision of desires.

Modeling Desire Using A Function

We here assume that in order to determine how much a proposition p is desirable
an agent takes into consideration the worst situation in which p is true. Let L(ATM)
be the propositional language built out of the set of atomic formulas ATM and let 2
the set of all interpretations of this language, corresponding to the different possible
states of the world that can be described by means of the language. Moreover, let
[Ip]l € 2 denote the set of interpretations where the propositional formula p is true.

Let 7 and 6 be two possibilistic functions with domain €2 and codomain a linearly
ordered scale S with 1 and O as top and bottom elements. Functions 7 and § capture,
respectively, the degree of (epistemic) possibility and the degree of desirability of a
given interpretation w € 2. We assume that v and § satisfy the following normality
constraints: (i) there exists w € 2 such that 7(w) = 1 (i.e., at least one state of the
world is fully possible), and (ii) there exists w € 2 such that 6 (w) = 0 (i.e., at least
one state of the world is not desired at all).

As suggested in [6] and advocated in [9], for a given formula p, we can interpret

A(p) = min §(w)
wel|pl|

as the extent to which the agent desires p to be true. This can be contrasted with

N(p)=1—- max m(w)

w€||=pl|
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which estimates the extent to which the agent believes p to be true, all the more as —p
is found impossible. Indeed, the measure of necessity N is the dual of the possibility
measure I1, namely [1(p) = 1 — N(—p) (where 1 — (-) denotes the order-reversing
map of S). Let us justify the following two properties for desires:

A(p Vv q) =min(A(p), A(g)); A(p Ag) = max(A(p), Aq)).

According to the first property, an agent desires p to be true with a given strength «
and desires ¢ to be true with a given strength g if and only if the agent desires p or g to
be true with strength equal to min(«, 8). A similar intuition can be found in [6] about
the min-decomposability of disjunctive desires, where however it is emphasized that
it corresponds to a pessimistic view. Notice that in the case of epistemic states, this
property would not make any sense because the plausibility of p v g should be
clearly at least equal to the maximum of the plausibilities of p and ¢. For the notion
of desires, it seems intuitively satisfactory to have the opposite, namely the level of
desire of p Vv g should be at most equal to the minimum of the desire levels of p and
g.Indeed, we only deal here with “positive"! desires (i.e., desires to reach something
with a given strength).

Under the proviso that we deal with positive desires, the level of desire of p A g
cannot be less than the maximum of the levels of desire of p and g. According to the
second property, the joint occurrence of two desired events p and g is more desirable
than the occurrence of one of the two events. This is the reason why in the right
side of the equality we have the operator max. This latter property does not make
any sense in the case of epistemic attitudes like beliefs, as the joint occurrence of
two events p and ¢ is epistemically less plausible than the occurrence of a single
event. On the contrary it makes perfect sense for motivational attitudes likes desires,
as suggested by the following example.

Example 1. Suppose Peter wishes to go to the cinema in the evening with strength
o (i.e., A(goToCinema) = «) and, at the same time, he wishes to spend the evening
with his girlfriend with strength 8 (i.e., A(stayWithGirlfriend) = ). Then, ac-
cording to the preceding property, Peter wishes to to go the cinema with his girl-
friend with strength at least max(«, 8) (i.e., A(goToCinema A stayWithGirlfriend) >
max(«, 8)). This is a reasonable conclusion because the situation in which Peter
achieves his two desires is (for Peter) at least as pleasant as the situation in which he
achieves only one desire.

One might object that if it is generally the case that satisfying simultaneously two de-
siresis atleast as good as satisfying one of them, there may exist exceptional situations
where it is not the case. Just imagine, in the above example, the case where Peter’s

! The distinction between positive and negative desires is a classical one in psychology.
Negative desires correspond to state of affairs the agent wants to avoid with a given strength,
and then desires the opposite to be true. However, we do not develop this bipolar view [16]
here.
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girlfriend would be laughing aloud or crying all the time during movies, and so Pe-
ter would not like to go with her to the cinema. This is a situation of non monotonic
desires that can be coped with in this setting; see [9]. It is a counterpart of non mono-
tonic reasoning about beliefs where, while N (p v ¢) > max(N (p), N(q)) expresses
increasing monotonicity, this should be remedied by an appropriate prioritization as
in the example “penguins (p) are birds (), birds fly (f)”, where one should block the
consequences of p F b = N(—=bV f) < N(—p Vv f));see [1] for details on non
monotonic reasoning about beliefs in the possibilistic reasoning setting.

Besides, from the normality constraint of § (3w, §(w) = 0, expressing that not
everything is desired), we can deduce thatif A(p) > 0 then A(—p) = 0. This means
that if an agent desires p to be true —i.e., with some strength &« > 0 — then he does not
desire at all p to be false. In other words, an agent’s desires must be consistent. Note
also that the operator A, which is monotonically decreasing, satisfies A(L) = 1 by
convention. There is no harm to desire L, which by nature is unreachable.

From Belief Revision to Desire Revision

Ithas been recognized early that the epistemic entrenchment relations underlying any
well-behaved belief revision process obeying Girdenfors’ postulates [20] are qual-
itative necessity relations [10], thus establishing a link between belief revision and
possibility theory [13]. In the possibility theory view of belief revision, the epistemic
entrenchment is explicit and reflects a confidence-based priority ranking between
pieces of information. This ranking is revised when a new piece of information is
received. We restate the possibilistic expression of belief revision, before considering
the revision of desires.

Belief Revision

Uncertain beliefs are represented in possibility theory by constraints of the form
N(p) > «, corresponding to possibilistic logic [15, 18] formulas (p, «), expressing
that p is believed to be true, with a certainty level at least equal to @ > 0, where
o belongs to a linearly ordered scale S with 1 and O as top and bottom elements.
Necessity measures satisfy the characteristic axiom N (p A g) = min(N(p), N(q))
(one believes p A g at the extent to what the less believed propositions of p and ¢ is
believed). They are the dual of possibility measures IT such that [T(p) = 1 — N(—p)
(1 — () is the order-reversing map of S).

A set B of possibilistic logic formulas (p;, ;) (fori =1, ..., n) is semantically
associated to a possibility distribution

wp(w) = min max(||pi|l(®). 1 - ai),

.....

where ||pill(w) = 1 if w E p; and || p;||(w) = O otherwise [15]. 7y is the largest
possibility distribution (minimum specificity principle) such that N(p;) > «; for
i = 1,...,n. The distribution mp rank-orders the interpretations of the language
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induced by the p;’s according to their plausibility on the basis of the strength of the
beliefs in B.
In qualitative possibility theory [13], conditioning is defined by means of equation

II(p A q) = min(I1(g|p), I1(p)).

Applying the minimum specificity principle, we get the possibility distribution 7t (-| p)
associated with the possibility measure I1(-|p):

1 ifn(w)=I(p)andw F p
w(w|p) =4 7(w) ifr(w) <(p)andw F p
0 ifokF—-p

Then the revision B; of the belief base B revised by input p, is defined as:
gy (w) = g (w|p).

It includes the expansion B;‘ of B by p (where core(m) = {w | m(w) = 1}) as a
particular case:

T (w) = min(mw (w), || p||(w)) provided that core(r) N || p|| # D.

Besides, the contraction B, of B by p is defined by [11, 12]:

1 ifn(w)=M(—p)andw F —p
7 (w) otherwise ’
In particular, if [T(p) = [1(—p) = 1, we have T (w) = 1 (w).

nB; (w) =

Harper’s and Levi’s identities, which respectively relate expansion and contrac-
tion to revision, remain valid [11]. It can be checked that counterparts of Gédrdenfors’
postulates for expansion, contraction, and revision [20] hold in the possibilistic set-
ting [11]. See [3] [4] for more thorough studies, and the syntactic counterpart in
possibilistic logic of the above revision process.

In particular, the possibilistic base B;, can be obtained syntactically as {(p;, ;) €
Bs.t.a; > A} U {(p, D}, where A = inc(B U {(p, 1)}) = 1 — max,, mpup,1)} (@)
is the degree of inconsistency [15] of B U {(p, 1)}. Let us illustrate the approach by
a small example.

Example 2. Let B={(p,a),(pVq, p)}, witha < B.

We have g (pq) = np(p—q) = 1; tp(—=pq) = 1 —a; tp(—p—q) =1 - B.
Then, assume the input —p is received.

Itgives mp+ (pq) = mp: (p=q) = 0y 7px (=pq) = 1;7ps (=p=q) =1—p
(since Mg (—p) = maxge-p Tp(w) =1 — a).

The syntactic counterpart is Bip ={(=p, ), (pVvaqg,p)}

(where inc(B U {(—p, 1)}) = a).
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Desire Revision

As explained at the beginning of the paper, desires can be represented in terms
of strong (or guaranteed) possibility measures (denoted by A). A desire for p is
expressed by a constraint of the form A(p) > «. A desire p with strength o will
be denoted [p, a]. Strong possibility measures are governed by the characteristic
property A(p V g) = min(A(p), A(g)). This implies that A is decreasing with
respect to entailment; in particular A(T) =0 and A(L) = 1.

A set D of desires [p;, «;] (fori = 1,...,n) is semantically associated to a
possibility distribution

p(@) = max min(||pil[(®), ;).
8p is the smallest possibility distribution (maximum specificity principle) such that
A(p;) = «a; fori =1, ..., n. The distribution §p rank-orders the interpretations of
the language induced by the p;’s according to their satisfaction level on the basis of
the strength of the desires in D. Because we should have A(T) = 0, min,, 6p(w) =0
should hold. More generally,

una(D) = min §p(w)

may be viewed as a level of unacceptability of D. The larger una(D), the more
unacceptable the set of desires D.
The contraction of D by p amounts to no longer desire p at all after contraction:

5 () = 0 ifé(w)=A(p)andwF p
D, \®) = 8(w) otherwise ’
In particular, we have 50; =§(w) if A(p) = A(—p) =0.
The expansion of a set of desires D by p amounts to perform the cumulate desire

p with the desires in D, providing that the result is not the desire of everything to
some extent (due to the postulate A(T) = 0). Thus, we have

8py (@) = max(§(w), [|pll(®))
under the proviso that support (§)U||p|| # 2, where support (§) = {w|§(w) > 0},

2 denoting the set of all possible interpretations.
The conditioning of a strong possibility measure A obeys the equation [2]:

A(p A q) = max(A(qlp), A(p)). (%)
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Applying the maximum specificity principle, we get the smallest (i.e., correspond-
ing to the least committed conditional desires) possibility distribution §(w|p)
obeying (x):

0 ifd(w)=A(p)andwF p
S(wlp) =1 §(w) ifé(w) > A(p)andw F p
1 ifokF —p

As can be seen, what is no longer reachable is fully desirable by default
(A(—=p|p) = 1), while what we have is no longer desired since A(p|p) = 0,
but still preserving what is strictly above A(p).

While the revision of a set of beliefs B by p exactly corresponds to the condition-
ing of g by p, this is no longer the case with respect to § p for the revision of a set of
desires D by p. Indeed, while a belief input (p, 1),1i.e. N(p) = 1, really means that
all the models of —p should be impossible, i.e., [1(—p) = max,e-, Tp(w) = 0,
a desire input [p, 1] means A(p) = min,e, 7p(w) = 1, which says that all the
models of p are satisfactory after revision. Due to this change of focus from —p to
p, when moving from beliefs to desires, we state:

0 ifé(w)=A(—p)andwF —p
SD;;(a)) =dp(w|—p) =1 d(w) if§(w) > A(—p)and w F —p
1 ifwkFp

As easily seen, A D} (p) = 1, which shows that the success postulate for desire
revision is satisfied, in the sense that an agent desires p to be true after revising his
desire base by p. The latter may be found too strong and weakened into A Dy (p) > 0.
It can be defined by taking lesson of what is done in belief revision; see [3].

Let us illustrate the approach by some examples.

Example 3. Let D = {[p A q, «], [, B]}, with @ > B.

We have 6p(pqr) = ép(pq—r) = a;dp(p—qr) = Sp(=pqr) = Sp(—=p—qr) =
B; 8p(p—q—r) = p(=pg—r) =dép(=p=g—r) = 0.

Clearly, una(D) = 0.

Now, assume we want to add desire [—p, 1]. Let us compute § Dt - We get:

Spx (pqr) = épx (pq=r) = & dpr (p=qr) = B;épr (p=g=r) = 0, which re-
main unchanged, while it gives

Sp* (mpqr) =dpx (m=p=qr) =ép+ (=pg=r) =dp: (=p=g—r) = 1.

Observe that una(D U {[—p, 1]}) =0,

which means that after addition of the new desire, the set of desires remains accept-
able. In fact, we have just performed an expansion here.

As can be checked, we have D* = Dfp.

The syntactic counterpart is Dip ={[lp ng,al,lr, B], [—p, 11}.

Let us now consider two other examples where the unacceptability level becomes
positive.
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Example 4. Let D' = {[p, a], [r, B]} witha > B.

Then 8p/(pr) = dp/(p—r) = a; 8p/(—pr) = B; Sp (—p—r) =0,

and una(D’) = 0.

Now, let us add desire [—p, 1].

We get SDrip(pr) = SDrip(p—-r) =0; SDrip(—-pr) = SDrip(—-p—-r) =1.
We have una(D’ U {[—p, 1]}) = a and D’jp = {[—p, 1]}.

Example 5. Now consider D" = {[p, B1, [, «]} (always with o« > ),

then §pr(pr) = a;dpr(p—r) = B;épr(=pr) = a;dpr(—=p—-r) = 0, and
Spre (pr) = a;éprx (p=r) =05 8prs (—pr) =8pr (mp=r) = L.

Finally, una(D” U {[—p, 1]}) = B, and DZ*; ={[r, o], [—p, 11}.

Generally speaking, it can be shown that only the desires strictly above the level of
unacceptability are saved (the others are drown, as [r, 8] in D'):

D;‘, = {[pi,a;] € Ds.t.a; > una(D U {[p, 11}) U{[p, 11}.

Conclusion

The paper has outlined a formal approach to the revision of desires. Much remains
to be done: providing the postulates characterizing this type of revision, laying bare
the counterparts of Harper’s and Levi’s identities for desires, studying iterated desire
revision. Moreover, the success postulate is translated by A D3 (p) = 1, which may
be found too strong; this may be weakened into A D} (p) > 0, which corresponds to
the idea of natural revision in the sense of Boutilier [5].

Besides, it is known that belief revision and nonmonotonic reasoning are two
sides of the same coin [21]. This remains to be checked for nonmonotonic desires
[9] and desires revision. Finally, we plan to extend the static modal logic of belief
and desire we proposed in [8] by dynamic operators of belief revision and desire
revision. This will provide a unified modal logic framework based on possibility
theory dealing with both the static and the dynamic aspects of beliefs and desires, to
be compared with the proposal made in [24].

References

1. Benferhat, S., Dubois, D., Prade, H.: Practical handling of exception-tainted rules and in-
dependence information in possibilistic logic. Applied Intelligence 9(2), 101-127 (1998)

2. Benferhat, S., Dubois, D., Kaci, S., Prade, H.: Bipolar possibilistic representations. In:
Darwiche, A., Friedman, N. (ed.) Proc. 18th Conf. in Uncertainty in Artificial Intelligence
(UAI 2002), Edmonton, Alberta, August 1-4, pp. 45-52. Morgan Kaufmann (2002)

3. Benferhat, S., Dubois, D., Prade, H.: A computational model for belief change and fusing
ordered belief bases. In: Williams, M.-A., Rott, H. (eds.) Frontiers in Belief Revision,
pp- 109-134. Publ., Kluwer Acad. (2001)

4. Benferhat, S., Dubois, D., Prade, H., Williams, M.-A.: A practical approach to revising
prioritized knowledge bases. Studia Logica 70, 105-130 (2002)



10.

11.

12.

13.

16.

17.

18.

19.

20.
21.

22.

D. Dubois et al.

Boutilier, C.: Revision sequences and nested conditionals. In: Proc. 13th Int. Joint Conf.
on Artificial Intelligence (IJCAI 1993), Chambéry, August 28 - September 3, pp. 519-525.
Morgan Kaufmann (1993)

. Casali, A., Godo, L., Sierra, C.: A graded BDI agent model to represent and reason about

preferences. Artificial Intelligence 175, 1468-1478 (2011)

Dubois, D., Le Berre, D., Prade, H., Sabbadin, R.: Logical representation and computation
of optimal decisions in a qualitative setting. In: Proc. 15th National Conf. on Artificial
Intelligence (AAAI 1998), July 26-30, Madison, Wisc, pp. 588-593. AAAI Press / The
MIT Press (1998)

Dubois, D., Lorini, E., Prade, H.: Bipolar possibility theory as a basis for a logic of desires
and beliefs. In: Liu, W., Subrahmanian, V.S., Wijsen, J. (eds.) SUM 2013. LNCS, vol.
8078, pp. 204-218. Springer, Heidelberg (2013)

. Dubois, D., Lorini, E., Prade, H.: Nonmonotonic desires - A possibility theory viewpoint.

In: Booth, R., Casini, G., Klarman, S., Richard, G., Varzinczak, 1.J. (eds.) Proc. Int. Work-
shop on Defeasible and Ampliative Reasoning (DARe @ECAI 2014), Prague, August 19,
vol. 1212. CEUR Workshop Proc. (2014)

Dubois, D., Prade, H.: Epistemic entrenchment and possibilistic logic. Art. Int. 50,
223-239 (1991)

Dubois, D., Prade, H.: Belief change and possibility theory. In: Girdenfors, P. (ed.) Belief
Revision, pp. 142-182. University Press, Cambridge (1992)

Dubois, D., Prade, H.: A synthetic view of belief revision with uncertain inputs in the
framework of possibility theory. Int. J. Approx. Reasoning 17(2-3), 295-324 (1997)
Dubois, D., Prade, H.: Possibility theory: qualitative and quantitative aspects. In: Gabbay,
D., Smets, P. (eds.) Quantified Representation of Uncertainty and Imprecision, Handbook
of Defeasible Reasoning and Uncertainty Management Systems, vol. 1, pp. 169-226.
Kluwer (1998)

. Dubois, D., Prade, H.: Bipolarity in flexible querying. In: Andreasen, T., Motro, A.,

Christiansen, H., Larsen, H.L. (eds.) FQAS 2002. LNCS (LNAI), vol. 2522, pp. 174-182.
Springer, Heidelberg (2002)

. Dubois, D., Prade, H.: Possibilistic logic: a retrospective and prospective view. Fuzzy

Sets and Systems 144, 3-23 (2004)

Dubois, D., Prade, H.: An introduction to bipolar representations of information and
preference. Int. J. of Intelligent Systems 23(8), 866—877 (2008)

Dubois, D., Prade, H.: An overview of the asymmetric bipolar representation of pos-
itive and negative information in possibility theory. Fuzzy Sets and Systems 160(10),
1355-1366 (2009)

Dubois, D., Prade, H.: Possibilistic logic - An overview. In: Gabbay, D.M., Siekmann,
J., Woods, J. (eds.) Handbook of the History of Logic. Computational Logic, vol. 9,
pp. 283-342. Elsevier (2014)

Dubois, D., Prade, H., Touazi, F.: A possibilistic logic approach to conditional preference
queries. In: Larsen, H.L., Martin-Bautista, M.J., Vila, M.A., Andreasen, T., Christiansen,
H. (eds.) FQAS 2013. LNCS, vol. 8132, pp. 376-388. Springer, Heidelberg (2013)
Girdenfors, P.: Knowledge in Flux. The MIT Press (1990)

Girdenfors, P.: Belief revision and nonmonotonic logic: Two sides of the same coin? In:
Proc. 9th Europ. Conf. on Artificial Intelligence (ECAI 1990), Stockholm, pp. 768-773
(1990)

Humberstone, I.L.: Direction of fit. Mind 101(401), 59-83 (1992)



Revising Desires — A Possibility Theory Viewpoint 13

23. Lang, J.: Conditional desires and utilities: An alternative logical approach to qualitative
decision theory. In: Wahlster, W. (ed.) Proc. 12th Eur. Conf. Artif. Intellig. (ECAI 1996),
Budapest, August 11-16, pp. 318-322. J. Wiley (1996)

24. Lang, J., van der Torre, L.W.N., Weydert, E.: Hidden uncertainty in the logical represen-
tation of desires. In: Gottlob, G., Walsh, T. (eds.) Proc. 18th Int. Joint Conf. on Artificial
Intelligence (IJCAI 2003), Acapulco, August 9—-15, pp. 685-690. Morgan Kaufmann
(2003)

25. Platts, M.: Ways of meaning. Routledge and Kegan Paul (1979)

26. Searle, J.: Expression and meaning. Cambridge University Press (1979)



Discovering Consumers’ Purchase Intentions
Based on Mobile Search Behaviors

Mingyue Zhang, Guoqing Chen and Qiang Wei

Abstract Search activity is an essential part for gathering useful information and
supporting decision making. With the exponential growth of mobile e-commerce,
consumers often search for products and services that are closely relevant to the
current context such as location and time. This paper studies the search behaviors
of mobile consumers, which reflect their customized purchase intentions. In light
of machine learning, a probabilistic generative model is proposed to discover un-
derlying search patterns, i.e., when to search,where to search and in what category.
Furthermore, the predicting power of the proposed model is validated on the dataset
released by Alibaba, the biggest e-commerce platform in the world. Experimental
results show the advantages of the proposed model over the classical content-based
methods, and also illustrate the effectiveness of integrating contextual factors into
modeling consumers search patterns.

Keywords Search patterns - Context-aware * Probabilistic model - Recommendation

1 Introduction

Nowadays, the Internet acts as a core information source for human worldwide, and
many information gathering activities take place online [5, 10]. Search activities
widely exist in daily life, from which irrelevant information is filtered and useful
one is extracted to support decision making. For example, ‘information retrieval’
and ‘database querying’ are two common activities to extract relevant documents
or other types of information. According to the CNNIC (China Internet Network
Information Center) report, the number of search engine users in China had reached
522 million in 2014, with a growth rate of 6.7% compared to last year. In addition,
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mobile search engines also attract 429 million people and had an even higher growth
rate of 17.6%. The search services have been extended to the combined presentation
of pictures, applications, products and other types instead of just text and links. On
one hand, search becomes an essential part for consumers to find useful information
in their decision making processes. On the other hand, by keeping track of the search
patterns of the consumers, online merchants can have a better understanding of the
consumers’ behaviors and intentions [5].

In mobile e-commerce, potential consumers search for product information be-
fore making purchasing decisions due to the overwhelming information [8, 12, 16].
Since search could reflect consumers’ purchase intentions and affect their choices
online [9], it is worthy of deep exploration and has attracted a lot of interest from
both academia and practitioners. Moreover, as Bhatnagar & Ghose (2004) [3] in-
dicated, consumers exhibit differences in their search patterns, i.e, time spent per
search episode and search frequency, which are attributed to product categories and
consumer characteristics.

In marketing practice, clickstream data are commonly used to quantify the cus-
tomers’ search behaviors [8, 9, 16]. Usually, the clickstream data provide information
about the sequence of pages or the path viewed by the consumers as they navigate
websites [18]. With the prevalence of smart mobile devices [6], the consumers’ click-
stream data have been enriched with various contextual information [25], such as
geographical information, which poses significant new opportunities as well as chal-
lenges [13]. Some data mining techniques have been employed to extract consumers’
context-aware preferences [12, 20]. However, these research efforts mostly focused
on purchase records while ignoring the search activities. While purchasing indicates
consumers’ final preferences over different products in the same category, search is
an essential reflection of their purchase intentions towards a specific category. There-
fore, a more precise model is needed to capture each consumer’s search behavior
relating to the particular context.

In this paper, we aim to understand the mobile e-commerce consumers’ potential
purchase intentions by studying their search patterns. That is, because the exami-
nation and inspection of products/services come at the cost of the consumers’ time
and effort, search outcomes become informative about what the consumers want
[12]. We start by analyzing the search history of each consumer and then examine
whether there is a relationship between search activities and the contextual factors
(i.e., time and location). Based on the assumption that search patterns are time and
location dependent, a probabilistic generative process is proposed to model each con-
sumer’s search history, in which the latent context variable is introduced to capture
the simultaneous influence from both time and location. By identifying the search
patterns of the consumers, we can predict their click decisions in specific contexts
and recommend the products/services with the maximum clicking probabilities of
the consumers.

The remaining part of the paper is organized as follows. Section 2 reviews re-
lated research from three aspects: consumer information search, clickstream data,
and context-aware preference. Section 3 presents the consumer search model and
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parameter estimation process. Section 4 demonstrates the experimental results on a
real-world dataset and Section 5 concludes the paper.

2 Related Work

This section discusses the existing work that is related to this study, consisting of
three aspects: consumer information search, clickstream data, and context-aware
preference.

Consumer Information Search. Consumer information search is an important part
of purchase decision making [4, 8, 19], which attracts continuous attention from
researchers. By using page-to-page clickstream data, Moe (2003) [16] examined in-
store navigational behavior in terms of the pattern and content of pages viewed, and
classified consumers into four categories according to their underlying objectives,
namely, direct buying, search and deliberation, hedonic browsing, and knowledge
building. This helps understand the objectives of the consumers better, thereby pro-
viding some insights into purchasing behaviors. Huang et al. (2009) [8] investigated
the differences in consumer search patterns between search goods and experience
goods in the online context based on clickstream data. In the empirical examina-
tion, they found the type of information that the consumers seek, and the way they
search and make choices, was different for the two types of goods. Further, these
differences affected the amount of time spent per page of information, the number of
pages searched, the likelihood of free riding, and the relative importance of interac-
tive mechanisms. Branco et al. (2012) [4] discussed the optimal stopping strategy for
consumer search. Specially, they provided a parsimonious model of consumer search
for gradual information that captured the benefits and costs of search, resulting in the
optimal stopping threshold where the marginal costs outweighed the benefits. Simi-
larly, Kim et al. (2010) [12] introduced the optimal sequential search process into a
model of choice and estimated consumer information search and online demand for
durable goods based on dynamic programming framework.

Clickstream Data. The widespread availability of Internet clickstream data has
contributed greatly to marketing research [16], which allows both practitioners and
academics to examine consumer search behaviors in a large-scale field setting. For
example, Banerjee & Ghosh (2001) [2] clustered users based on a function of the
longest common subsequence of their clickstreams, considering both the trajectory
taken through a website and the time spent at each page. Montgomery et al. (2004)
[18] used a dynamic multinomial probit model to extract information from con-
sumers’ navigation path, which is helpful in predicting their future movements. Kim
et al. (2004) [11] used the clickstream data as implicit feedback to design a hybrid
recommendation model, which resulted in better performance. Moe (2006) [17] pro-
posed an empirical two-stage choice model based on clickstream data to capture
observed choices for two stages: products viewed and products purchased. They
found that the product attributes evaluated in Stage 1 differred from those evaluated
in Stage 2. Overall, the clickstream data provided a great opportunity for researchers
to dig into consumer search and purchase behaviors. Nevertheless, very little research
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has been conducted to describe the generative process of consumer search, especially
the search behaviors in specific contexts.

Context-Aware Preference. Due to the exponential growth of mobile e-commerce,
large volume of contextual information is available, which enables researchers to
study the problem of personalized context-aware recommendation [13, 21, 24].
Shabib & Krogstie (2011) [21] proposed a step-by-step approach to assessing the
context-aware preferences, which consists of four phases: product classification, in-
terest matrix formation, clustering similar users and making recommendation. Zheng
etal. (2010) [24] discovered useful knowledge from GPS trajectories based on users’
partial location and activity annotations to provide targeted collaborative location
and activity recommendations together. Specifically, they modeled the user-location-
activity relations in a tensor and designed the algorithm based on regularized tensor
and matrix decomposition. Liu et al. (2015) [13] considered users’ check-in behav-
ior in mobile devices to provide personalized recommendations of places, which
integrated the effect of geographical factor and location based social network factor.
Different from previous research, our study aims to formalize consumers’ search
behaviors as (when, where, what) patterns through a probabilistic generative model,
which has better explanation ability and can be used to design appropriate recom-
mendation strategies.

3 Consumer Search Model

3.1 Search Behavior Analysis

In the context of e-commerce, consumers commonly search for product information
online before making purchase decisions [4]. Since more and more people access the
Internet with their smart phone, the mobile search activities have distinctive features
where contextual information can be captured by the search logs, including time and
location [22, 25]. While consumers are often overwhelmed by excessive number
of products in the platform, the specific category that products belong to is a good
reflection of consumers’ purchase intentions. In addition, the data of search log will
be very sparse if each product is treated as an individual item, which may hardly
be able to discover common search patterns. Therefore, we focus on the searched
‘category’ instead of ‘product’ in the following analysis. Predicting the category
that consumers are most likely to click in a given timeslot and location is of great
importance. If we can model a consumer’s purchase intentions toward a specific
category, we can recommend the appropriate products/services taking into account
both his/her preferences and location information.

To analyze the possible factors that affect mobile consumers’ search patterns, the
relationships between the number of clicks and contextual factors will be explored.
The clickstream data were released by Alibaba.com, which will be described in detail
later. Figure 1 displays the click times in a range of 24 hours and Figure 2 shows
the distribution of clicks under different geographic areas. Note that locations were
clustered into different geographic areas without overlap.
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Fig. 1 Click times in different hours Fig. 2 Click times in different geographic
areas

Here, the search events mostly occurred in the evening and reached the peak at
21:00. It can be seen that the consumers were more active in certain geographic
areas, which illustrates the importance of location information. Thus, it is reasonable
to assume that consumers search/click patterns are dependent on contextual factors
including time and location.

Problem Definition: Suppose that we have consumers’ clicking histories in mobile
terminal, which reflect their search behaviors. For a consumer u, its clicking trace
can be represented with a tuple (I, ¢, g) where a consumer u clicks category g at
time ¢ in location /. The problem is to model all the consumers’ search histories
and discover the patterns, in terms of when to search, where to search, and in what
category. In this way, appropriate recommendation strategies can be designed so as
to present the right product/service categories to right people at right time and right
locations.

3.2 Generative Process

The advantage of probabilistic generative model is that it can mimic the process of
a consumer’s purchase behavior. Inspired by the classic topic model “Probabilistic
Latent Semantic Analysis” (PLSA) [7, 15], the process of consumer search could be
considered as an extension [23].

Specifically, each search is composed of particular search time, location and cat-
egory, which are correlated with each other. In order to discover the common search
patterns that underly these tuples, we introduce a latent factor, i.e., shared search
context c. Thus, each value of context ¢ is assumed to be the mixture of time, location
and category, representing some common patterns among all the consumers, hence
consumers’ preferences towards time, location, and category are simultaneously cap-
tured by the shared search context.

For example, in the case that u wants to choose a category, he/she may choose
a context according to his/her personal preference distribution, which is commonly
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a multinomial distribution. After that, the selected context in turn ‘generates’ the
specific search tuple (I, ¢, g) following the context’s generative distribution. Thus,
this model simulates the process of how u picks the category g at the specific time
t and location /. To simplify the analysis, we assume that these specific tuples,
including time, location and category, are conditionally independent given the latent
context. Therefore, the generative process for each consumer’s clicked category can
be summarized as follows:

— For each consumer u:

e For each search action (/, ¢, g) of consumer u:

(1) Generate a shared search context ¢ ~ p(c|u), which is a multinomial
distribution,;

(2) Generate a search location / ~ p(l|c) conditional on the latent context;

(3) Generate a search timeslot # ~ p(t|c) conditional on the latent context;

(4) Generate a search category g ~ p(g|c) conditional on the latent context.

Note that p(l|c), p(t|c) and p(g]|c) are also assumed to be multinomial distribu-
tions. The above Bayesian generative process can be represented as a graphical model
in which a directed graph is used to describe probability distributions (see Figure 3).

o location
consumer context
e category

|S(u)| search records

|U| consumers

Fig. 3 A graphical representation of the probabilistic model

Thus, a consumer’s search history is regarded as a sample of the following mixture
model.

p 1, glu)y = p, 1, gle) - plelu) ()

Since /, t, g are assumed to be conditional independent with each other given the
latent shared search context ¢, the above equation can be transformed to:

p(.t, glu) = Z p(clu) - p(fc) - p(tic) - p(glc) 2
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The proposed model is a latent class statistical mixture model, which discovers:
1) a consumer’s personal preference distribution over latent search context; 2) a
category generative distribution for each latent context; 3) a consumer’s preference
distribution over locations/timeslots.

3.3 Parameter Estimation

To estimate parameters, the MLE (Maximum Likelihood Estimation) method is used
to maximize the log likelihood of the collected search history for all consumers U
that are generated by this model. The log likelihood function is given by:

logp(U;0) =Y Y {logy_ plclu)- pdic)- pltle) - p(glo)y  (3)

u <lt,g>eSwu)

where S (1) denotes the search history for consumer u; € denotes all the parameters in
the model including p(c|u), p(l|c), p(t|c) and p(g|c). Since it is difficult to directly
optimize the above equation due to the log calculation being out of a summation,
the EM (Expectation Maximization) algorithm is employed here to estimate these
parameters.

In the E-step, the posterior distribution of hidden variable (i.e., context c) is
computed, given the observed data and the current values of parameters according
to Bayesian rule:

p(clu) - pdic) - p(tlc) - p(glc)

4
S @l - pQIE) - plale) - plgle) @

plclu,l,t, g) =

In the M-step, the new optimal values for parameters are obtained given the current
settings of hidden variables calculated in E-step. By maximizing the log likelihood
function, the parameters can be updated as follows:

Z<l,t,g>eS(u) p(c|u, l’ Z g)

plclu) = )
Z:C’ Z<l,t,g>€S(u) p(c’lu, It g)
plc) = Zu Z<l,t,g>e§(u) p(clu,l, t, g) ©
Zl’ Zu Z<l,t,g>eS(u) plclu,l',t, 8)
p(tle) = 2 <l gmesw Plelu 1, 8) -
VDI Z:<l,t,g>eS(u) plclu,l,t', g)
(clu,l,1,8)
pgle) = Zu Z<l,t,g>eS(u) P g ©

Zg’ 2 Z<l,t,g>eS(u) p(clu,l t,g")



