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Abstract. We consider a general form of information sources, comgjgif a set of objects classi-
fied by terms arranged in a taxonomy. The query-based aaeéiss information stored in sources
of this kind, is plagued with uncertainty, due, among othards, to the possible linguistic mismatch
between the user and the object classification. To overchiniamncertainty in all situations in which
the user is not finding the desired information and is notimglbr able to state a new query, the study
proposes to extend the classification, in a way that is a®nadde as possible with respect to the
original one. By equating reasonableness with logical icapion, the sought extension turns out
to be an explanation of the classification, captured by afimucThe problem of query evaluation
on information sources extended in this way is studied analympmial time algorithm is provided
for the general case, in which no hypothesis is made on thetste of the taxonomy. The algo-
rithm is successively specialized on a most common kind fofriation sources, namely sources
whose taxonomy can be represented as a directed acyclib.gitaip shown that query evaluation
on extended sources is easier for this kind of sources. Iizimalo applications of the method are
presented, which capture very important aspects of infaomaccess: information browsing and
guery result ranking.
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1. Introduction

Taxonomies are probably the oldest and most widely usedegual modeling tool: nowadays, they
are employed in Web directories (e.g. in Google and Yah&jtent Management (hierarchical struc-
tures are used frequently to classify documents), Web &=3\services are typically classified in a
hierarchical form), Marketplaces (goods are classifiediénanchical catalogs), Personal File Systems,
Personal Bookmarks for the Web, Libraries (e.g. Thesa®i)[@nd in very large collections of objects
(e.g. see [35]). The Open Directory Project is currentlyaligping “the largest, most comprehensive
human-edited directory of the Web”, based on a taxonamyyg: //dmoz . org).

More sophisticated conceptual models (including congegitsibutes, relations and axioms) have
been used in the information system area since the lastdieles; similar models have lately emerged
in the context of the Semantic Web [2] and Ontology [15, 1,&&] have been employed even for meta-
tagging in the Web [23, 19]. However, almost all of these niwdave a backbone consisting of a
subsumption hierarchy, in other words, a taxonomy. Funtloee, the design of taxonomies can be done
more systematically if done following a faceted approach.(see [34, 33]) and thanks to techniques
that have emerged recently [38], taxonomies of compourmdgeran be also defined in a flexible and
systematic manner. The advantages of the taxonomy-basegmoal modeling approach for building
large scale peer-to-peer systems that support semarsiictatrieval services have been analyzed and
reported in [40, 39].

The extraction of information from an information sourcentezed around a taxonomy of terms, is
plagued with uncertainty. From the one hand, the indexinghpécts, that is the assignment of a set
of terms to each object of the source, presents many diffisultvhether it is performed manually by
some expert or automatically by a computer programme. Irfdivaer case, subjectivity may play a
negative role (e.g. see [43]); in the latter case, auton@dissification methods may at best produce
approximations. On the other hand, the query formulatiacess, being linguistic in nature, would
require perfect attuning of the system and the user langaagassumption that simply does not hold in
open settings such as the Web.

In many contexts, such as directory systems, the above onedtiuncertainty is simply ignored. In
others, it is dealt with in a quantitative waye. by means of numerical methods. This is for instance
the case of textual content management systems, which gupp@ccess to collections of textual docu-
ments via natural language queries. In these systems, andotundex is created for each document, in
which aweightis assigned to each term; the weight expresses the extehi¢h e document is deemed
to be about the term. The same treatment is applied to each, giegiving an index of the query. Doc-
ument and query indices are then matched against each otbeder to estimate the relevance of the
document to the queng(g. see [3]).

The guantitative approach is nowadays the prevailing otepdpularity is essentially due to the
fact that it provides efficient methods for computing objact query indices, and for matching them
to produce a ranking of the objects with respect to theirveeiee to the query. This is not without a
price, though: in these systems, it is very difficult (not &y smpossible) for the user to understand
the rationale behind the obtained ranking. In hypertexiel engines, such as Google, the ranking
is driven by link analysis, and its principles reflect somtuition, even though the actual formula to
compute page ranking is very complex. Butin classical imfion retrieval systems such a justification
is not possible. Moreover, after decades of research anelafewent, it is commonly believed that
significant improvements on quantitative methods are et impossible.
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In the present study, we cope with the above mentioned wiobrtby means of gualitative ap-
proach, and propose a method that retains the advantagke gliintitative approach (efficiency and
ranking), but is grounded on a logical basis. Moreover, oathod does not require sophisticate rep-
resentations of object contents or of lexical and domainMedge as many semantic-based retrieval
models do (see.g.[26]) and extends well beyond text retrieval systems, adllitos argued.

From a conceptual point of view, we view an information seuss an agent that operates according
to an open world philosophy. The agent knows some facts,tluldds not interpret these facts as the
only ones that hold; the agent is somewhat aware that therdd be other facts, compatible with the
known ones, that might hold as well, although they are notured for lack of knowledge. These
facts are, indeedpossibilities One way of defining in logical terms the notion of possipijlits to
equate it with the notion ofxplanation.That is, the set of terms associated to an object is viewed as a
manifestatiorof a phenomenon, the indexing process, for which an exptamest sought, justifying why
the index has come to be the way it is. In logic, the reasorgagired to infer explanations from given
theory and observations, is knownasduction.We will therefore resort to abduction in order to define
precisely the possibilities that we want our system to be &blhandle. In particular, we will define
an operation that extends an information source by addingacet of (term, object) pairs capturing
the sought possibilities, and then study the property of tpieration from a computational complexity
point of view, for different types of information sourceseWill then show that the introduced operation
not only helps in dealing with the information extractiongresence of uncertainty, but has also two
important applications: browsing and ranking based possibilitybased measure of relevance.

The paper is structured as follows. Before delving into #whhical development, the rest of this
Section motivates our study by presenting a real-life exarapd by relating our work to the literature.
Section 2 introduces information sources and query-bagedation access. Section 3, the core of the
present study, presents the extension of an informatiorceday means of an abduction-based operator,
and sound and complete algorithms to achieve this extengibe complexity of query evaluation on
extended information sources is also derived. In Secti@mmd,important type of information sources is
studied, namely hierarchical information sources, whagertomy is shaped as a directed acyclic graph
(DAG). Itis shown that query evaluation on extended hidrial information sources is computationally
easier, and even easier for the information sources whesaday is shaped as a tree. Section 5 presents
the above mentioned two applications of the abduction<basethod. Section 6 concludes.

1.1. Motivation

Let us suppose that a user has issued a query against anatifimraource (hereafter, 1S) but the obtained
answer does not contain objects that are relevant to thénisanation needs. Further, let us assume that
the user is not willing to replace the query with another daejnstance because of lack of knowledge
on the query language or on the taxonomy. In this type of Bitiadatabase systems offer practically no
support, as they are based on the assumption that usersaas articulate their information needs in
the form of a query. In an information retrieval setting, ams the above described situation could use
relevance feedback to pinpoint interesting (relevantgeotsj among those returned by the system, and
ask the system to re-evaluate the query taking into accaisinformation; but what if all the displayed
objects are not relevant?

Assuming that the IS indeed contains relevant objects,daheecof the problem could be a linguistic
mismatch between the user and the indexer. That is, the Etributes to the IS terms a different
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Figure 1. A taxonomy.

meaning than the former, or uses them in a different way. Rihid of mismatch may be due to language,
such as the case of an Italian user, non-fluent in Englistkjingdfor small cameras in the taxonomy in
Figure 1; the user may be tempted to askNbniatures, decidedly an overkill. Or, the mismatch may
be due to culture: a technologically less advanced cultug mse the terrMiniature in a different way
from a more technologically advanced one. As a result, olojessification is inconsistent with the user
expectation. On the other hand, even if the user and the éndegre attuned to the same language, a
situation as the one described above could occur due to aed@isp classification. Given the widespread
usage of automatic indexers based on statistical technidiuese cases would not seem very unlikely to
occur. It could also be the case that the sought concept issvah respect to the considered taxonomy,
as the notion of under-water cameras in the taxonomy shovaigure 1. ClearlyUnderwaterDev is

too general, and thus include (possibly many) unintergsilijects, whildJnderwaterMovingCams is

too specific, and thus include possibly no interesting dbjec

The present study aims at developing a method to supporstrdamiall the cases, such as the above
ones, in which the user is “close” to the sought objects ambtswilling, or not able, to find them
by refining the current query. From a user point of view, instheases it is as if the IS suffers from
incompletenessit contains correct information, but nall the correct information. Whether this is
really the case, or it is due to a lack of knowledge on the Lsder,  is irrelevant to our method.

To overcome this lack of knowledge, the idea is to expandntex in a way that is agasonable
as possible with respect to the original classification gécls. By “reasonable expansion” we mean a
logically groundedexpansion, that is an expansion thagically impliesthe index as it has been created
in the first place. Then, the expansion we are talking about fizct a logicalexplanationof the index.
The most general form of explanation in logicabduction,seen as the generation of causes to explain
the observed effects of known laws. In our case, the knows ke the (sentences of the) IS taxonomy,
the observed effects are the contents of the index, whiledhse is the sought index expansion.

By exploiting abduction, we will therefore define a method lielping the user access the IS in a
guery-less way, addressing the situations described digbimning of this Section. The method will
turn out to be suitable to support also another importamhfof information access, namely browsing.
In browsing, the user will only have to (a) select an initifjext which possesses the features he is
interested in, and (b) ask the system to browse similar tbjéc response, the system will translate the
user desire into a query, formed by the terms that beglainthe terms describing the selected object.
This query is then evaluated and the result offered to theasan answer to his browsing request. The
process may be iterated at will, until all objects have baewbed. Abduction is used in this process to
compute the query, given the nature of explanation of thmgevhich make it up.
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A fundamental limitation of qualitative methods for infoation access is their providing unstruc-
tured answers, as opposed to the ranking offered by quiargitaethods. We can overcome this limita-
tion by observing that ranking is complementary to browsinghe latter, objects are displayed in time,
while in the former they are displayed in space. In other wpdiiring browsing the user discovers sets
of objects as he proceeds in the navigation; by displayiegsthdiscovered objects all at once, ordered
according to the step at which they would be discovered, lnisagenerated, which reflects closeness to
the initial objects. By choosing as initial objects thoseineed by a given query, the rank reflects close-
ness to the query. On the basis of this observation, we thaggope a mathod for rankirig a qualitative
waythe results of the queries posed to an IS. Since ranking exdoas browsing, which is an application
of abduction, also ranking turns out to be an applicationbofugtion.

For generality, the problem of abduction-based expansidirfitst be tackled for arbitrary ISs; the
derived results will successively be specialized to ISsrgataxonomies like the one in Figure 1.

1.2. Related Work

From an information retrieval (IR) point of view, our methedbscribes tgecall enhancingmecha-
nisms. Indeed, the ISs considered in this study resembée timanaged by IR systems which employ the
Boolean retrieval model (see [3] for a review) and exploitdal ontologies or word-based thesauri [20]
(like WordNet [7] and Roget’s thesaurus) for expanding tgewith synonyms, hyponyms and related
terms in order to improve recall (e.g. see [32], [24], [28]{]). However, IR techniques are applicable
only if the objects of the domain have a textual content, etliis is not a prerequisite of our approach.
Another remarkable difference between IR systems and IBgithe taxonomies employed by the for-
mer usually do not admit the semantic interpretation thausee for the latter. Lexical ontologies like
WordNet [7] are structured using lexical relations (synogry hyponymy, antonymy) which are not se-
mantic relations. For instance, according to Wordmehdowis subsumed byppeningand bypanel.
However, everywindowis not apaneland anopeningthus extensional subsumption does not hold here
(for more about this problem see [16]).

Logical models of IR have experienced some popularity sog@syago [31]. These models are
based on deduction, whether classical [27, 4] or non-dakf26, 14, 31] logics are employed, and are
thus substantially different from the model assumed in shigly. On the other hand, the usage of ab-
duction in an IR setting is inextricably tied with IR modeksded on non-logical [18] or quantitative [30]
information models, so also in this case there is no evidembection with our model.

In databases, abduction has been mainly employed as a taobfidelling database [21] or view [9]
update. Logical approaches to information systems basabtdunction have been proposed in the context
of non-classical logics [6], or on various forms of clasklogic, ranging from logic programming [42] to
description logics [8]. Our model is based on classicaldpgnd the terms representing object contents
are equivalent to unary predicates. However, since we wilkiler each object of the IS separately, the
most suitable model of abduction for our purposes is the oasented in [11], based on propositional
logic. This model is briefly recalled and related to that of&uat the beginning of Section 3. To the best
of our knowledge, no previous use of abduction for the puepgsesented in this paper, exists.

A preliminary, short version of this work has been reporte{2B].
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Figure 2. Aninformation source

2. Information Sources

The basic notion of information source (1S) is defined aofed.

Definition 1: An information sourceS is a 4-tupleS = (T, K, Obj, I) where
— T, theterminology is a finite set of symbols calledrms

— K, thetaxonomyis a set of conditionals of), i.e. formulas of the formp — ¢ wherep andq are
different terms;

— Obj, thedomain is a finite set of objects disjoint froff,

— I, theinterpretation is a relation fromil" to Obj, thatisI C T x Obj. O

From an intuitive point of view, an IS must be viewed as a sepropositional theories, one for
each object in the domain, which share the same languageirftdogy) and the same underlying theory
(taxonomy). The role of the interpretation is to identifyethropositional letters that are true of each
object.

As customary, we will treat the relatiohas a function from terms to sets of objects and, where
is a term inT, will write I(¢) to denote the sek(t) = {o € Obj | (t,0) € I}. We will call I(¢) the
interpretationof term¢. Dually, given an object € Obj, theindex of o in Sindgs (o), is given by the set
of terms which have in their interpretation:

indg(o) ={t € T| (t,0) € I}.

Finally, thecontext of o in SCs(0), is defined as:Cs(o) = indg(o) U K. For any objecto, Cs(0)
consists of terms and simple conditionals that collecgifeim all the knowledge aboutthatS has.

Example 1: Throughout the paper, we will use as an example th& ven in the right-hand side
of Figure 2. The left-hand side of the Figure graphicallystratesS; the interpretation of each termis
shown, without braces, on the top-right of the term,inds(1) = {x, w}. O

In this study, we focus on ISs which satisfy an intuitive miality criterion. In order to introduce
this criterion and keep the paper self-contained, a fewcbagions from propositional logic [12] are now
recalled. Given a set of propositional variablgsatruth assignment for s a function mapping? to the
true and false truth values, respectively denotedtgndF. A truth assignment” satisfiesa sentence
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o of the propositional calculud/ |= o, if o is true inV, according to the classical truth valuation rules.
A set of sentenceX logically impliesthe sentence, > = «, iff every truth assignment which satisfies
every sentence il also satisfiesr.

The instance sebf an objecto in an IS.S, denoted asVs(o), is the set of terms that are logically
implied by the context o in S

Ns(0) = {t € T | Cs(0) = t}.
For each ternt in Ng(o0), we will say thato is aninstanceof ¢. Clearly, inds(o) C Ng(o), thereforeo
is an instance of each terminds(o). We can now define the minimality criterion mentioned above.

Definition 2: The index of an object in an IS S, inds (o), is non-redundantff for all A C Obj,
A Cindg(o) implies{v € T | AUK = v} C Ng(o).

An IS isnon-redundantf all its indices are non-redundant. O

In practice, the index of an object is non-redundant if nentér it can be removed without loss of
information. It can be easily verified that the IS introdudedhe previous example is hon-redundant.
From now on, we will consider “IS” as a synonym of “non-redantl|S”.

2.1. Querying Information Sources

We next introduce the query language for extracting infdiomafrom an IS in the traditional question-
answering way.

Definition 3: Given a terminologyl’, the query language fofl’, L1, is defined by the following gram-
mar, wheré is a term inT":

¢4 ==tlgng [qVd =gl (q)
Any expression irCy is termed ajuery. O

The answer to queries is defined in terms of satisfactionemibdel of an object context, theith
model,realizing a closed-world reading of an IS.

Definition 4:  Given an ISS = (O, U), for every objecb € Obj, thetruth model of o in SV, g, is the
truth assignment fof’ defined as follows, for each tertre T :

T ift e Ng(o)
O,S(t) - .
F otherwise

Given a queryp in L, theanswer ofp in S is the set of objects whose truth model satisfies the query:
ans(p, ) = {o € Obj | Vo5 |= ¢}
0

Example 2: Table | shows the truth model the objects in the IS introduogfixample 1. The answer
to the queryz in this IS, ans(z, S), includes object 1, sinck g(z) = T, as well as objects 2, 4 and 5,
for the same reason. O
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Vest) | T T F F F F F F F F T

Table I. The truth model of each object in the informationrsew

Following Definition 4, query evaluation requires the conapion of the truth model of each object
o, which in turn requires deciding whether each query term ggcldly implied by the object context
Cs(0). Computing propositional logical implication is in genegatlifficult task. However, the specific
form of the propositional theories considered in this studgkes this computation much simpler, as
the remainder of this Section shows. In order to devise adi&ffi query evaluation procedure, we will
resort to graph theoretic concepts.

Theterm graphof an ISS = (T, K, Obj, I) is the directed grapt¥s = (T, E), such tha(¢,t') € £
iff ¢t — ¢/ isin K. The left-hand side of Figure 2 shows indeed the term grapgheoéxample IS5. For
simplicity, we will use “term” also to refer to a vertex of therm graph. A path of length > 0 from
a vertexu to a vertexu’ in Gg is a sequencévg, vy, . . ., vi) of vertices such that = vy andu’ = .
There is always a 0-length path fromto u. Thetail of a term tin G, tail(t), is the set of terms that
can be reached fromby walking the graph edges backward, that is:

tail(t) = {u € T'| there exists a path fromtotin Ggs}

Lemmal: Given anISS,asetoftermsi C T'and atermt € T, AU K [ t iff there is a path inGg
from aterminA tot.

Proof: (—) By induction on the lengthof the path. Fof = 0, the path ig¢,¢) which means that € A,
so A = t and by the monotonicity df, A U K = t. Suppose the Proposition holds fo= k& > 0. Let
(uq,...,ux,t) be apath irGgs with u; € A, andM be a model ofA U K. By definition of Gg, ux, — t
is in K. SinceM is a model ofA U K and by the induction hypothesi3/(u;x) = T, it follows that
M (t) = T. HenceM is a model oft, S0A U K = t.

(«) Supposed U K = t yet Gg contains no path from a term iA to ¢. Let M be the interpretation

defined as follows:

Mv) =

T ifthere is a path from atermid tovin Gg
F otherwise

By definition, any term i is T in M, so M is a model ofA. Let p — ¢ be a conditional irk. If M (p)

is F, then the conditional is true if/. If, on the other hand)/ (p) = T, then there is a path from a term
uin A to p; sinceG g contains the edg@, ¢), the path fromu to p can be extended tp and by definition
M (q) = T. Also in this caseV satisfies the conditional. S also satisfies every conditional I,
hence)M is a model ofA U K. SinceAU K |=t, M is also a model of, that isM (t) = T. However,
by construction) (¢) = F, a contradiction. O
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We can now prove the following Proposition.

Proposition 1:  For all ISsS and queriesp € Lr, ans(p, S) = as(p), whereag is thesolverof the
IS S, defined as follows:

as(t) = | J {I(u) | u € tail(t)}
as(gng) = as(qg)Nas(d)
as(gVvyq) = as(q)Uas(q)
as(—q) = 0bj\ as(q)

Proof: By structural induction on the query.

Caseyp = t. By definition,ans(t, S) = {o € Obj |V, s =t}.V, 5 = tiff Cs(o) = tiff inds(0)UK =

t iff (by the previous Lemma) there is a pathd@iy from a termu € indgs(o) to t, which is the same to
say thato € I(u) for someu € tail(t). So,ans(t,S) = {o € Obj | Ju € tail(t) such thab € I(u)},
therefore

ans(t,S) = {I(u) | u € tail(t)}.

Casep =qAq. ans(gNg,S)={o€ Obj | Vos EqNd'}={o€ Obj | Vos FgandV,s = q'} =
{o€ Obj | Vo s Eqtn{oe Obj |V, 5 ¢} =ans(q,S) N ans(q,S).
Casep =qV ¢ ans(qV ¢,8) ={o€ Obj | Vos EqVd}={oc Obj|Vos EqorVos = q'} =
{o€ Obj | Vo, s EqtU{oe Obj |V, 5 =q'} =ans(q,S) U ans(q,S).
Casep = —q. ans(—q,S) ={o€ Obj | Vo5 =g} ={o€ Obj | Vo5 = q} = 0bj\{o€ Obj |V, 5 =
q} = 0bj\ ans(q,S). O

Example 3: In the example IS5, the termz can be reached in the term graph by each of the following
terms:z,x,d, e, f. Hence,tail(z) = {z,x,d, e, f}. According to the last Proposition, thenns(z, S) =
as(z) =1(z)UI(x)UI({d)UI(e)UI(f)=1{1,2,4,5}. O

Proposition 2:  For all ISsS = (T, K,0bj,I) and termg € T, ag(t) can be computed i®(|T| -
|Obj| - 1g | Obj) time.

Proof: From Proposition 1qg(t) can be computed by the following steps: (a) to deriwé(t) by
searching the term graph in order to identify every vertex thbackward reachable from(b) to access
the interpretation of each term #ail(¢); and (c) to compute the union of the involved interpretations
The time complexity of step (a) ©(|T|?), corresponding to the case in which every term is backward
reachable front in the term graph. We assume that step (b) can be performezhstant time, which

is negligible with respect to the other values at stake. lsehow consider step (¢). By adopting a
merge-sort strategy, the union between two interpretatc@m be performed in lg n time, wheren is

the total size of the two interpretations. Since in the woeste the union ofT’| interpretations must
be computed, and each interpretation is the whole(dgt we have aO(|T'| - |Obj| - 1g(|Obj| - |T]))
time complexity for step (c). Overall, the upper bound foaleating single-term queries is therefore
O(|T|? + |T| - |Obj| - 1g(|Obj| - |T])). Since the size of the domain is expected to be significantijeta
than the size of the terminologye. |T'| < |0bj|, the sought upper bound for singles-term queries
evaluation iO(|T| - |Obj| - 1g| Obj|). O
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3. Extended Information Sources

This Section presents the main technical developmentseopdiper, and is divided in four main parts:
In the first part, extended information sources are definethetasis of abduction. In the second part,
the problem of querying such sources is tackled, and theridigo 31 is derived. In the third part,
optimization is considered, leading to the derivation @ #hgorithm/2. In the fourth and last part, the
guery-less information access mechanism which motivatedstudy is outlined and illustrated by an
example.

3.1. Propositional Abduction Problems

As announced in Section 1.2, the model of abduction that voptad the one presented in [11], now
briefly recalled to make the paper self-contained. Letbe the language of propositional logic over
a finite alphabetl” of propositional variables. Adropositional abduction problens a tupled =
(V,H,M, Th), whereH C V is the set of hypothesed/ C V is the manifestation, an@h C Ly is a
consistent theoryS C H is a solution (or explanation) fod iff 7h U S is consistent and’h U S = M.
Sol(A) denotes the set of the solutions.4o

In the context of an 1S, we will consider each object separately. Thus,

— the terms irff” play both the role of the propositional variablésand of the hypothesed, as there
iS no reason to exclude priori any term from an explanation;

— the taxonomyK plays the role of the theor§h;
— the role of manifestation is played by the index of the abjec

Consequently, we have the following:

Definition5: Givenan ISS = (T, K, Obj, I) and objecb € Obj, thepropositional abduction problem
foroin S, Ag(0), is the propositional abduction probledy (o) = (T, T, inds(0), K). O

The solutions ta4s(o) are given by:
Sol(Ag(0)) ={ACT|KUAIE indg(o)}

where the consistency requirement AhU A has been omitted since for no taxonomyand set of
termsA, K U A can be inconsistent. Usually, certain explanations aregaele to others, a fact that is
formalized in [11] by defining a preference relatishover Sol(A). Lettinga < b stand fora < b and

b £ a, the set of preferred solutions is given by:

Sol<(A) = {S € Sol(A) | 75" € Sol(A): §' < S}.

Also in the present context a preference relation is desiraatisfying criteria that reflect the goals of
our framework. Here are these criteria, in order of decnggsnportance:

1. explanations including only terms in the manifestatiomlass preferable, as they do not provide
any additional information;
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2. explanations altering the behavior of the IS to a minimtéet are preferable; this requirement acts
in the opposite direction of the previous one, by makinggradfle solutions that, if incorporated
in the IS, minimize the differences in behavior between thex@ended IS and the original one;

3. between two explanations that equally alter the behafithe IS, the simpler one is to be pre-
ferred. As explanations are sets, it is natural to equatelsiity with smallness in size.

All the above criteria can be expressed in terms of the effeciduced by the extension of an IS. In order
to indicate these effects, we will use the term “perturbdtidefined next.

Definition 6: Given an ISS = (T, K,Obj, I), an objecto € Obj and a set of termgl C T, the
perturbation of A on S with respect toggrt,(A) is given by:

pert,(A) ={t €T | (Cs(o) UA) =tandCs(o) |~ t}

that is,pert,(A) is the set of additional terms in the instance set ofice the index of is extended with
the terms inA. O

We notice that thgert operator is monotonic, that i4 C B implies pert,(A) C pert,(B), for any
objecto € Obj. We can now define the preference relation over solutionseoébove stated abduction
problem.

Definition 7:  Given an ISS = (T, K, Obj, I), an objecto € Obj and two solutionsd and A’ to the
problemAg(0), A < A’ if either of the following holds:

1. pert,(A") =0
2. 0 < |pert,(A)| < |pert, (A")]
3. 0 < |pert,(A)| = |pert,(A")|andA C A'. O

The strict correspondence between the clauses in the I&isitid® and the criteria previously set for
the preference relation should be evident. Solutions lggamempty perturbation are obviously subsets
of the instance set of the object, therefore the first comitf the last Definition captures the first of
the three criteria. The second condition establishes mmede for solutions that minimize the number of
terms that change their truth value frénto T in the truth model of the object, and thus alter the behavior
of the ISwith respect to query answeririg a minimal extent. Between two solutions producing theesam
alteration, the third condition makes preferable the sendtl size, and so simplicity, criterion number
three, is implemented.

(Sol(As(0)),=) is a pre-order: reflexivity and transitivity can be easilyified, while to see that
antisymmetry does not hold it suffices to consider any twiedéht subsetsl and A’ of the instance set
of o,i.e. A, A" C Ng(o0), A # A’; we have:pert,(A) = pert,(A’") = 0, hence by 1 in Definition 7,

A < A"and A’ < A. If subsets of the instance set are excluded from the sokjtitien—< induces a
partial order, as clause 1 in Definition 7 never applies;ithimt a total order, as the examples below will
show.

We now introduce the notion axtensionof an IS. The idea is that an extended IS (EIS for short)
includes, for each object, the terms of the original indesspthose added through the abduction process
illustrated above. However, in so doing, non-redundancy be&compromised, due to the following
casuses:
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1. As it will be shown later (Proposition 7), a solution to &daction problem may contain taxo-
nomic cycles, and including a whole cycle in the index of ajectxlearly violates non-redundancy
(all terms in the cycle but one can be removed without losirigrmation).

2. Aterm in a solution may be a direct descendant of a termerirtiex. The coexistence of these
two terms in the new index violates redundancy, thus therlaén be added only if the former is
removed.

In order to cope with the former problem, we introduce therafoe p, which takes as input a set of
terms and replaces each cycle occurring in it by any termarctitle. To this end, we assume that the
terminology?’ of an IS is totally ordered by a binary relatieny . Given any set of termal C 7', [(A)
denotes the least elementéfaccording to the total ordetr . p is then defined as follows: Given an IS
S =(T,K,O0bj,I),let A C T be any set of terms containing > 0 disjoint sets(, ... C,,, such that
the terms inC; make up a cycle in the term graghs, for all 1 < i < n. Then,

p(4) = (A\ |G |1 < < n}) UUCY),... UC)}-

The assumption on the disjointness of @és is without loss of generality, because if two cycles ingat
they can be replaced by a single cycle including both.

In order to cope with the latter problem, we introduce a sgdagsiion operator! which takes as input
two interpretations and adds each piro) of the second interpretation to the first interpretatiorraft
removing any pai(u, o) in the first interpretation such that— « € K. Formally,

LUl =1, U{(t,0) € I | for no pair(v,0) € Iy, v — t € K}.

We can now define EISs.
Definition 8:  Given an ISS = (T, K,0bj,I) and an objecb € Obj, the abduced indexf o,
abindg(0), is given by:
abindg(o) = U Sol<(Ag(0)) \ indg(0).
Theabduced interpretation of, I, is given by
It =TU{(t,0) o€ Objandt € p(abinds(0))}.

Finally, theextendedsS, S¢, is given byS¢ = (T, K, Obj, I™"). O

3.2. Querying Extended Information Sources

A key role in solving propositional abduction problems iay#d by single-term solutions (STSs, for
short) introduced next.

Definition 9:  Given an ISS = (T, K,Obj,I), an objecto € Obj and a termt € T\ Ng(o), the
single-term solutiorof ¢ is the sefu,(t) given by:

po(t) = {t} U (inds(0) \ o(t))
whereo (t) = {u € T | there is a path itz s from ¢ to u}. O

The next Lemma states some useful properties of STSs.
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Lemma2: Forany ISS = (T, K,Obj, I), objecto € Obj and termt € T'\ Ng(o) :
1. u,(t) is a solution ta4gs (o)

2. pert,(11o(t)) = o(t) \ Ns (o)

3. uo(t) has the smallest perturbation among the solutiong4¢) includingt

4. foranytermv € T'\ Ng(o), {v} UK [= timpliespert,(1,(t)) C pert,(o(v)).

Proof: (1) By definition of =, (indgs(o) \ o(t)) = (indg(o) \ o(t)). By Lemma 1 and the definition of
o(t), {t} UK |= o(t). By combining the last two relationships, we have:

(inds(o) \ o(t)) U{t} UK [ (indg(o) \ o(t)) Uo(t) 2 inds(o).

Hencep,(t) U K |= inds(o), and thereforeu,(t) € Sol(Ag(0)).
(2) We have:

perto(po(t)) = {u €T [(Cs(0) Upo(t)) = uandCs(o) = u}

= {ueT]|(inds(o) UK U{t} U (indg(o) \ o(t)) E u} \ Ns(o)

= {ueT]|(inds(o) UK U{t}) = u}\ Ns(o)

= {uveT[(KU{t}) | u}\ Ns(o)

= o(t)\ Ns(o)
(3) Let A € Sol(As(0)), A # u,(t), such thatt € A. It follows that {t} C A. We must prove that
pert,(uo(t)) C pert,(A). It can be verified that, for any set of terms C T, pert,(X) = pert (X \
Ng(0)), and thatpert, is monotonic inT \ Ng(o), thatisA, A" C T\ Ng(o) and A C A’ imply
pert,(A) C pert,(A"). Putting all together,

pert,(11o(t)) = perto(uo(t) \ Ns(0)) = perto({t}) € pert,(A)

(4) There can be two cases: (i Ng(o). Then,pert,(uo(t)) = 0 C pert,(uo(v)). (i) t &€ Ng(o).
Then, by the hypothesig,c o(v), therefores(t) C o(v). It follows o (t) \ Ng(o) C o(v) \ Ng(o), SO
by the monotonicity opert, in T'\ Ng(o), pert,(1o(t)) C pert,(po(v)). O

Example 4. Let us consider again the 1S introduced in Example 1, and the probleay(1). The
manifestation is given byndg(1) = {w, x} while Ng(1) = {x,y,z, w}. Table Il gives, for each term in
T\ Ng(1), theo value, the corresponding STS and its perturbation. O

The next Proposition gives the soluet. for an EISS¢, playing for EISs the same role that Propo-
sition 1 plays for ISs. The Proposition lays the foundatifinghe further developments of the paper.

Proposition 3: For all ISsS = (T, K, Obj, I) and termg € T,
ans(t, 5°) = ase(t) = as(t) U (1)

where((t) = {o € Obj | t € abindg(0)}.
Proof: By definition, ans(t,S¢) = {o € Obj | Vo g |= t}. V, g¢ |= tiff Cge(0) = tiff indge(o) U
K Etiff {t € T|(t,0) € ITYUK [ tiff {t € T| (t,0) € Iort € abindg(o)} UK [t
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t | a(t) fo(t) pert o (po(t))
a | {w,a,b} {a,x} {a,b}

b | {w,a,b} {b,x} {a,b}

c | {cy} {c,x,w} | {c}

d | {d,x,y,z,e,f,g} | {d,w} {d,e,f,g}
e | {ef,z,g} {e,x,w} {e,f,g}

f | {f,e,z,g} {f,x,w} {e,f, g}

g | {g} {g;xw} | {g}

Table Il.  The single-term solutions ofs (1) and their perturbations

iff inds(o) U abindg(o) U K = t. Hence,ans(t,5¢) = {o € Obj | inds(o) UK = t} U {o €
Obj | abinds(o) UK =t} = ag(t) U{o € Obj | abinds(o) U K = t}. We claim that

as(t)U{o € 0bj | abinds(o) UK =t} = ag(t) U{o € Obj |t € abindg(o0)}.

We first show that the left-hand side is contained in the flggnid sidej.e. for all objectso € Oby,
o€ ag(t)U{o e 0bj | abinds(o) UK =t} implieso € ag(t) U{o € Obj |t € abindg(o)}. This
is obvious ifo € ag(t). Let o be such thatbinds(o) U K = t. By Lemma 1, for some term € T,
v € abindg(o) and there exists a pathdig fromv tot. If v = ¢, thent € abindg (o) and the claim holds.
Now let us suppose # ¢. There can be two cases: (1 Ng(o). By definition of Ng(0) and Lemma 1,
there exists a path s from a termw € indg(o0) tov. But then there is a path ifig from w to ¢, and by
the same Lemmandgs(o) U K |= ¢. This implieso € ag(t). (2) v € Ng(o0). If t € Ng(0), 0 € ag(t),
so let us assume ¢ Ng(o0). Sincev € abindg(o), by Lemma 2.(3)u,(v) € Sol<(Ag(0)), hence
[pert,(po(v))] < [perto(uo(t))]. Since{v} U K |= t, by Lemma 2.(4)pert,(1o(v))| = [perto(uo(t))|-
It follows that [pert,(uo(v))| = |pert,(uo(t))| and thereforgu,(t) € Sol<(As(o)) too. By definition
of abinds(o) and since ¢ Ng(o0), t € abindg(o).

We now show that the right-hand side is contained in thehaftd side. Again, this is obvious déf €
ag(t). Leto be such that € abinds(o0). Then,abinds(o) = t. By the monotonicity ot=, abindg(o) U
K =t O

The last Proposition indicates that, in order to answerigaexgainst an EIS, one needs to compute
the set3(t). The properties of STSs stated in Lemma 2 allows us to defived s(o) for any proposi-
tional abduction problem.

Proposition 4:  Given an ISS = (T, K, Obj, I) and an objecb € Obj, let d, be the smallest size of
non-empty perturbations of the solutions4g (o), that is:
d, = min{|pert,(A)| | A € Sol(Ags (o)) and|pert,(A)| > 0}
Then
abindg(o) = {t € T\ Ng(o) | |o(t) \ Ns(o)| = d,}

Proof: (—) We first show that the left-hand side is contained in thetrlgind side. By Definition of
abindg (o), t € abindg(o) impliest ¢ Ng(o). Moreover, it implies that there exists a solutighin
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Sol(Ag(0)) containingt, such thatpert,(A)| = d,. By Lemma 2.(3),A = p,(t). By Lemma 2.(2),
perty(io(t)) = o(t) \ Ns(0), hencelo(t) \ Ns(o)| = d,.

(«)By Lemma 2.(1) u0(t) € Sol(Ag(0)). By the hypothesiso (t) \ Ng(o)| = d, and Lemma 2.(2), it
follows that|pert,(uo(t))| = d, and therefore.,(t) € Sol<(As(o)). By the hypothesig ¢ Ng(o) and

the definition ofabinds (o), t € abindg(o). O

Example 5: Let us consider again the probleris(1) of the last Example. From Table Il and the
last Proposition, it follows thatbinds(1) = {c,g} and that/t = T U {(c, 1), (g, 1)}, i.e. the abduced
interpretation extends the index of object 1 with two termgndg. Clearly, nothing guarantees that
object 1 is indeed truly an instance of these two terms; #jisst a “guess”, as, for instance, when making
a diagnosis. However, since the selection of these ternasisdoon abduction, we are guaranteed that the
original index of object 1 is “preserved” in the EIBg the diagnosis implies the symptoms); moreover,
the minimization of perturbation is compliant with Occamagor, guaranteeing that no simpler extension
(diagnosis) exists. More specifically, temis selected because object 1 is an instange afd this could

be caused by its being an instancecofln addition, the inclusion of in the indx of 1 only causes
itself to be added to 1 instance set. In this respect, ®ranother sibling ok, is not selected because
e has more substantial implications theannamelyg andf; at this stage, these implications make
less simple choice tham On the other hand, tergnis selected because in so doing a minimal alteration
to the IS is made; as a guess, this latter is somewhat moredwazathan the former, but as grounded
from a logical point of view. From a purely diagnostic poirfitview, a guess of this kind does not make
any sense, since termndoes not give any contribution to the explanationieds(1). However, in the
present setting guesses of this kind may represent genisicevdries, whose excusion would confine the
effectiveness of the method to the obvious. Furthermoré,vé$i be noted in Section 5.1, this behavior
guarantees a fundamental property of the method, akin tgletemess: by iterating the extension all
terms will eventually be selected (for each object). Mordtosin Section 5.1. 0

Proposition 4 suggests the following algorithm for compgt#(¢) : for each objecb € 0bj, select
the termsu in T\ Ng(o) that minimize the size of (u) \ Ng(o). If t is amongst these terms . 5(t),
otherwiseo ¢ [((t). Procedurg3l, shown in Figure 3, implements this algorithmil usesheta, Ng, d,
ABIN D andr to compute, respectively(t), Ns(o), the minimum size ofr(u), abinds(o) andm(u).
beta is initialized to the empty set, then the main loop is enteridit, for each objecb € Obj, 51
first computesVg (o) by thesucc function. This function visits the successorgip of each element in
the input set, and is not reported as it implements an algorih elementary graph theory which can be
found on any textbook. Thed,is initialized to|T'|+1, which is greater than any valdenay assume, and
so is equivalent to infinite, whild BI N D is initialized to the empty set. For each tetne 7'\ Ng(o),
(31 computes inr the setr(u) \ Ns (o) and collects i BIN D the terms which minimize the size of
Finally, only if ¢t is amongst these term8] addso to beta. Soundness and completenesgiofdirectly
follow from Proposition 4, and allows us to obtain an uppeurmbon the complexity of computing(t).

Proposition 5:  For all ISsS = (T, K, Obj, I) and termg € T, ag-(t) can be computed i (|T| -
|Obj|? - 1g | Obj]) time.

Proof: 31 loops onObj, and, for each objeat, it first loops onT"\ Ng(o) (lines 8-17) and then updates
the variablebeta (line 18). Let us consider the loop dn\ Ng(o). In the worst caseNg(o) is empty,
so that this loop is executdd'| times. At each iteration;1 invokes thesucc function, which visits the
term graph in order to find the terms reachable from the cutesm. The worst case is when the term
graph is fully connected, so that, at each iteration, thebmrof edges to be visited equédld?, and the



370 C. Meghini et al. / Abduction for Accessing Information Sesr

procedure 51 (S : IS ; t : term ; beta : Set of object3y

1. begin
2. beta <0
3. for eachobjecto € Obj in S do
4, begin
5. Ng « succ(indg(0))
6. d—|T|+1
7. ABIND « ()
8. for eachtermu € T'\ Ng do
9. begin
10. m — succ({u})\ Ng
11. if |7| < dthen
12. begin
13. d — |r|
14. ABIND «— 7
15. end
16. else if|r| = dthen ABIND «— ABIND U«
17. end
18. if ¢t € ABIND thenbeta «+ beta U {o}
19. end
20. end

Figure 3. Thes31 procedure

variabler is assigned the whole terminology. In this casés always equal t¢7°'| and the test at line 16
is always passed, except at the first iteration, when theatdiste 11 is passed. The time complexity of
each iteration of the loop, different from the first, is theéveg by |T|? + |Obj| g | Obj|, and that of the
entire loop isO(|T|> + |T| - |Obj| 1g| Obj|). The test on line 18 is always passed in the worst case, and
every objecb is inserted intdeta, which grows by one element at each iteration, until it equals. By
keepings ordered, this insertion has time compleXigyk, wherek is the current size dfeta. It can be
proved that the dominant term in

|Obj|

> g
j=1

is |Obj| 1g |Obj|, thus the overall complexity 81 is O(|Obj| - |T|® + |T| - |Obj|? - 1g | Obj]). Since,
as already remarked, the size of the terminology is expdotée significantly smaller than that of the
domain, the upper bound g#(t) is O(|T| - |Obj|? - 1g | Obj|). By combining Proposition 3, stating that
age(t) = ag(t) U B(t), and Proposition 2 giving the complexity of computing(t), it follows that
O(|T| - |Obj|? - 1g | Obj|) is also an upper bound anke (t). O

The last result establishes that query evaluation on EISsfagher complexity than query evalu-
ation on ISs, by a factor equal to the size of the domain. Sihedatter is based on deduction while
the former is based on abduction, this result is consistétht tve complexity results for propositional
abduction problems presented in [11].

Next Subsection is devoted to devise a method for computingthat is in practice more efficient
than the rather naive one sketched in the proof of the lagpd®ition. The framework developed to
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this end will be useful in establishing complexity upper bdsi for the special kind of ISs considered in
Section 4.

3.3. Minimal Terminal Sets

We first observe that we do not need to compufiénds(o), i.e. solve an abduction problem, for each
objecto € Obj. Objects having the same index give rise to the same propialitabduction problem
and therefore have the same abduced index. Then, we onlytmsetre an abduction problem for each
different index. Let= be a binary relation on objects, defined as follows:

o~ o ifand only if indg(0) = inds(0').

~ is an equivalence relation. L&i] be the equivalence class of objectWe call eacHo] aclass The
above consideration is captured in the following Propositi

Proposition 6: For all ISsS = (T, K,0bj, I) and termg € T, 3(t) = U{ [0] | t € abindgs(0)}.
Proof: For each object/ € [o], o' € B(t) iff ¢t € abinds(d'). But indg(o) = inds(o’) implies
abinds(o) = abindg(0'). Hencet € abindg(d') iff t € abinds(0). 0

In the worst case, the number of classes equals the numbéjesits, but in the average case, the
former can be much smaller than the latter. In the typicadlolge application, the size of the schema is
a few orders of magnitude smaller than that of the data. Feowab, these numbers are harder to obtain,
due to the highly dynamic nature of the information systeroc@xding to [37], the size of the taxonomies
employed in this context is of the order of few hundreds ofifamds, and the indexed objedts.(\Web
pages) range from millions up. In general, consideringsdashould result in a significant optimization,
at least in some types of applications.

Another major source of inefficiency of algorithfi1 is that it loops on the séf \ Ng (o). This set
can be very large, and it may be very time consuming to compgteerturbation of each STS for each
term in it. Fortunately, as it will be shown sog#(t) can be computed by exploring only a part of the set
T\ Ng(o), by visiting (a subgraph of) the term graph in the appropnieas.

Definition 10:  Given a graphG = (V, E), aterminal set in Gs either a singletoqv}, wherev is a
vertex with no outgoing edges, or is a set of verti€es vs, ..., v}, k > 2, such thatE'(v;) = {vi4,1}
forall 1 < ¢ < k, where+, is sum modulds. A terminal set4 in G is minimalif no other terminal set
A"in G exists such thatd’| < |A]. Any element of a minimal terminal set is calledrenterm 0

We can now state the basic result on which the method for airsyvgueries on EISs relies. Given a
graphG = (V, E) and aseV’ C V, the subgraph off induced by’ is the graptG’ = (V', E’), where
E' ={(u,v) € E|u,veV'}.

Proposition 7:  Given an ISS = (T, K, Obj, I), an objecto and a termt € T, t € abindgs(o) iff tis a
minterm in the subgrap&¥¢, of the term grapltis induced byI" \ Ns(o).

Proof: (—) t € abindg(o) implies that the perturbation ¢f,(¢) is non-empty and has smallest size.
Suppose is not a minterm inG'¢. Then there exists a term € 7'\ Ng(o) such that(t,«) € E and
(u,t) ¢ E. Butthenpert,(uo(v)) < pert,(uo(t)), a contradiction.

(<) Lett be a minterm. There are two cases: {@)) is a minimal terminal set. In this cageyrt,(u,(t)) =

1 and there cannot be a smaller positive perturbatiodi{.As(0)); SO p,(t) € Sol<(As(o)) and

t € abindg(o). (2) A = {vi,v2,...,v;} is @ minimal terminal set antl= v; for somel < j < k.
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Figure 4. The grapt},

It follows that pert,(po(v1)) = ... = pert, (uo(vi)) = k. By the minimality of A no smaller terminal
set exists. Then, for all < i < k, u,(v;) € Sol<(As(0)), hencev; € abinds(o), and in particular
t € abindg(0). O

Example 6: Figure 4 shows’}g, that is the subgraph of the term graph in Figure 2 inducedby1).
G has 3 terminal setg}, {c} and{a, b}, the first two of which are minimal. Thereforéinds(1) =

{C>g}' O

The last Proposition reduces the computationi@f) to that of the minterms in the graphig. In
general G% will have two kinds of terminal sets:

— the terminal sets ifi¥s not involving terms inNg(o); we call thesgenuineterminal sets;

— the terminal sets created by the pruningZf giving rise toG%; we call thesénducedterminal
sets.

We assume that the terminal sets of the term graph are cothpu®ystem start-up, then stored, and
revised every time the term graph is modified. Since they pleucial role in answering queries on EIS,
we think this is a safe assumption, from a database pointesf.vI hen, genuine terminal sets are found
by identifying the stored terminal sets which are free frdemeents inNg (o). Induced terminal sets can
be found by exploring the borders dfs(0) in Gs as done by proceduré2, presented in Figure 5.

(32 takes as input an IS and a termt, and computes, ibeta,3(¢). It operates under the following
assumptions, for a given IS,

1. the classes of are known;
2. the component§y, . .., G, of the term graplGGs are known;

3. Gy is represented through adjacency seesfor each termy € T, Adj[t] is a set containing all
termsu such that there is an edge frano u, i.e. (t,u) € E;

4. inverse adjacency sets are also availateefor each termt € T, Adj~—'(t) gives the nodes € T
such that(u, t) € E.

(32 uses the same variables @s. It loops on the classes of the I§ and for each such clags], it
computes inNg the setNg(o) via thesucc function. Then, a loop is entered on each compognf
the term graphGgs; within this loop, genuine terminal sets are first identifibg,checking each stored
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procedure 32 (S : IS ; t : term ; beta : set of objecty

1.
2.
3.

28.
29.
30.
31.

begin
beta «— ()
for each class[o] in S do begin
Ng «— succ(inds(0))
d «— |T‘ +1
ABIND «— 0
for each componentG; = (T3, E;) of Gs do begin
for eachterminal sefl’S of G; do
if TSN Ng = 0 then
if |T'S| < d then begin
d— |TS|
ABIND «— TS
end
else if|T'S| = dthen ABIND «— ABINDUTS
B0
for eachtermt € Ng do
for eachtermu € Adj~1[t] \ Ns do
if u ¢ B then begin
B — BU{u}
if Adj[u] C Ng then
if d > 1 then begin
d—1
ABIND « {u}
end
elseABIND «— ABIND U {u}
elseexplore({u))
end
end
if t € ABIND then beta < beta U [0]
end
end

procedure explore (path : sequence of termp

begin
t «— last(path)
A — Adjlt] \ Ng
u «— get(A)
if |A] = 1then
if u € path then
if |path| < d then
begin
d « |path|
ABIND « path
end
else if|path| = dthen ABIND «— ABIND U path
else ifu ¢ B and Adj[u] € Ng then
begin
B — BU{u}
explore(append(path, u))
end
end

Figure 5. The32 andexplore procedures
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terminal set of the component for intersection witlg (line 9). If the terminal sef'S does not contain
any term inNg, then it is a potential minimal terminal set, thus, its caadliy is compared to the current
value ofd. If the former is smaller than the latter, th&td' is smaller than any terminal set found so far,
thereforeABIN D is set to it, andi is set to its cardinality (lines 11 and 12). If the cardinabf T'S is
the same as the current valuedfthenT'S is another minimal solution according to the currénand
as such it is added td BIN D (line 14). If neither is the casd,S is just ignored as not minimal32
then proceeds to compute induced terminal sets. To thisitamgleds to visit the term graph. The d&t

is used to remember the terms already visited; initighyis empty (line 15). A loop is then entered, in
which, for each termt in Ng, each predecessarnot in Ng is considered (line 17). If is not yet visited
(line 18), itis inserted iM3 and considered in the present iteration. There can be tvascas

1. All direct successors af, Adj[u], are inNg (line 20). In this case{u} is a terminal set irG¢,
which implies that the smallest size of non-empty pertuooatd, is 1. Hence, if the current value
of d is greater than 1, all solutions found so far are not mininaais set to 1 anddBIND is
initialized with {u} (lines 22 and 23). If, on the other hand, the current valué isf1, thenu is
simply added tcA BIN D (line 25).

2. There is some direct successora:afot in Ng. In this caseu may still be a minterm, in case it
belongs to a terminal set with more than one element. In dadeheck whether this is the case,
the procedurexploreis invoked, with the sequence consisting of justs input (line 26).

When all the minterms of the current class have been idahtifi2 checks whethet is amongst these.
If yes (line 29), therjo] is added tdeta

The procedurexplore also presented in Figure 5, takes as input a sequefi¢eof terms outside
Ng that is a path inG%; each element of this path, except the last one, has been fourale the next
element inpath as its only successor outsidés, as required by Definition 10. The last element in
pathis known to have at least one successor outdige path is thus a potential terminal set, and an
effective one just in cageathwill at some point become a cycle, consisting of elementsnigagxactly
one successor outsidés. The procedurexploreexplores the graptis in order to make sure it detects
such a terminal set, if one exists. To this end, it focusesheriast element gbath, ¢, which is also the
first one, upon the first invocation. The variableis assigned the successorstafutside Ng (line 3),
andu is anyone of these (line 4). ifhas more than one successor outsMg i.e. |A| > 1, it violates
the condition of Definition 10requiring that each elemerd tierminal set have exactly one successor, so
exploreis exited with no further action. If, on the other hahd| = 1, then there can be two cases:

1. u is an element irpath. If yes, then a cycle has been detected, and an induced tdrsgha
Consequently, if the size of the cycle is smaller than theeru (line 7), all current solutions
are not minimal, so botd and ABIN D are re-initialized, respectively with the size mdth and
with its elements (lines 9 and 10). If, insteablequals the size gfath thenpathis just added to
ABIND (line 11).

2. uis not already irpath. In this casey may have been already visitéds. « € B, which means that
pathcannot be a cycle, otherwise all its element would bB iiOr, being newly discovered, may
have no successor at all, which means that it is a genuinen@irset, or may have all successors
in Ng, which means that it is an induced terminal set. If it is a geauerminal set, then it has
already been identified in the first stage #f and need not be considered; if it is an induced
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terminal set, then, being not already visited, will be idfeed as soon as one of its successors in
Ng is considered. Therefore, in all these cases the cupaghtis no solution, and no action needs
be done. The only interesting case i ifs not visited and has some successor outdigeln this
casegexploreaddsu to the visited terms and recursively invokes itself on theent path extended
with u (line 16).

Soundness and completeness of fBgrocedure directly follow form the above considerationd an
from Proposition 7.

3.4. Query-less Information Access

Having established an efficient procedure for extendingsamve can now show how this procedure can
be applied in order to implement the query-less informatiocess mechanism alluded to in Section 1.1.
To this end, a superscript will be used in order to indicateitieration at which an IS’ is generated, that
is, S = 50, 8¢ = St (5¢)° = S% and so on.

The interface of the access mechanism consists of:

— the queryy whose answer leaves to the user much to desire; this qudrgatithange during the
access process and is displayed only for the user convenienc

— asetO of objects; and

— anextendbutton, which the user may push at his will in order to exeautsther step.

At the beginningO = 0° = ans(q, SY). At stepk > 0, pushing theextendbutton makes the interface
change as follows:

Ot = ans(q, S*1). Q)

In words, by pushing thextendbutton, the user implicitly extends the current $8 to S*+1, and
observes irO the effect of this extension on the answer to the qyeAn illustration of this mechanism
on the running example follows.

y4,6 3,6 g W1,2,3,4,5 o | abindgo(o) indgo(0) indg1(0)
/\/\/ ‘ 1| {csg} {w,x} {c,g,w,x}
12 Vs 2 | {c,g,w} {x} {c,g,w,x}
€35 xt a 3| {gw,z} {c} {c,g,w,z}
V\ ‘ 4| fwy) fe} fe,w.y}

& F b 5| {cw} {d} {c.d,w}

6 | {&v.2} {b} {b,g,y.z}

Figure 6. Extending the information sourEe

Example 7: Let us consider again souréegiven in Figure 2. Figure 6, right, shows a table reporting
the abduced index of each object in the IS and the resultitgxiim the EISS!; for
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convenience, also the index of each objects'iis shown. The same figure, left,
° a showsS!. Let us now extends?, starting from object 1. The problem we must
/\ { consider is4g:1(1). The grath}ql is shown left. This graph has two terminal sets
{a, b} and{e, f}, both minimal. It follows thaubinds: (1) = {a,b, e, f}. AsSsuming
d f b theterms are ordered lexicographicaflyabind 41 (1)) = {a, e}, so the abduced in-
terpretation ofS! is given by:

{(c,1),(x, 1), (g, 1), (w, 1)} U {(a, 1), (e, 1)}

In computing this expression, the p&ir, 1) “rules out” the pain(w, 1), while (e, 1) rules out(g, 1). The
abduced index is therefore:

{(c, 1), (x,1), (e, 1), (a, 1)}

Figure 7 shows the 1S2. For readability, the interpretation of temnwhich is{1,2, 3, 4,6}, is denoted
5. The effect of two consecutive extensions on the answer tethiifferent queries is displayed in

Table Ill. It can be observed that the first two queries reisuuccessive enlargements of the et
while the third query breaks monotonocity since it contaiagation. O
3,6 A
y z 30 w? 0 abindgi (o) | indgi(o) indg2(0)
/\/\/ 1,2 | {a,b,e,f} {c,g,w,x} | {a,c,e,x}
cObj 45 gl24 125 3 | {x} {c.g.w.z} | {c,g w,x}
4 {C,f,X} {e7W7y} {C7e7W7X}
\/\ ‘ 5 | {a,b} fcdw} | {acd}
 f b° 6 | {cx} {bg.y.z} | {bcegx}
Figure 7. Extending the information sour§é

4. Hierarchical Information Sources

In this Section, we apply the ideas developed so far to a apeleiss of ISs, namely those whose term
graphs are directed acyclic graphs (DAGs) with a maximahel& T. We call these ISs “hierarchical”.
Hierarchical taxonomies are common in object-oriented elgdvhere subsumption is a partial ordering

q O° = ans(q,S) | O = ans(q,S") | O? = ans(q, S?)
c {3} {1,2,3,3 {1,2,3,4,5,6
cAf 0O {5} {1,2,43
c A —f (3} (12,3 (3,6}
Table Ill. Successive extensions of the example IS
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relation amongst classes and maximal elements are inteddincorder to tie classes up, thus making
each class reachable from the top.

The following Proposition defines hierarchical ISs and addes query evaluation on their exten-
sions.

Proposition 8: Let ahierarchicalinformation source (HIS) be an IS whose term graph is a DAG wit
a greatest element. Then, for all HISsSS = (T, K,Obj,I) andtermg € T, t # T,

ans(t,5°) = (] {as(u) [t —ue K}.

Proof: From Proposition 7, a termhe abinds(o) iff ¢ is a minterm in the subgrapf¢. Since the term
graphG¢ of a HIS is a DAG,G¢ is a DAG too, hence its terminal sets, according to Definifibnare
those singletongu} such thatu is a term with no outgoing edges. Each such terminal set ieoobly
minimal, being a singleton. Thus, an objece §(t) iff ¢ has no outgoing edges 2. There may
be two cases. (1Ng(0o) = 0. In this caseGg = G%, and T is the only minterm. Thug = T and
the Proposition holds vacuously. (RJs(o) # 0. In this case, sinc€ is the greatest element of the
taxonomy, T € Ng(o), sot # T. Then,t is a minterm iff all immediate successorsin Gg are
in Ns(o), butt is not. In this way, whenVg (o) is “erased” fromG g to produceGg, t is left with no
outgoing edges. It follows that:

B(t) = {oe€ Obj|t¢g Ng(o), andt — u € K impliesu € Ng(o0)}
= {o€ 0bj | Cs(0) £ t, andt — u € K impliesCg(0) = u}
= ans(/\{u\t%uEK}/\—'t,S)
= N{as(w) |t —ue K}\as(t)

From Proposition 3ans(t, S¢) = ag(t) U 5(t), thereforeag(t) U (N {as(u) |t — v € K} \ ag(t))
and the Proposition follows. O

The last Proposition establishes that an objeid in the result of query against the EISS® just
in case it is an instance of all the immediate generalizatiofv in S. Indeed, ifo were an instance
of ¢, it would, as a consequence, be an instance ofaljeneralizations, thus the explanation of the
current index offered by the system is the most reasonatdecan conceive. As a result, the behavior
of the query mechanism turns out to be compliant with irmbuiti Notice that asking the query on
the extended IS, a case not dealt with by the last Propostiioes not make much sense, since already
ans(T,S) = Obj.

Example 8: Let us consider the HI% shown in Figure 8, whose taxonomy has been already used in
Section 1.1. In that Section, it has been pointed out thaealasking for small cameras via the query
Miniatures could obtain a disappointing answer due to the fact the I&ves the latter term for much
smaller cameras than those meant by the user. Let 1 be sucheaecaFrom the user point of view
the index lacks the knowledge that 1 is an instanc#fiatures. Note that this knowledge explains
the classification of 1 as &tillCams. By pushing theextendbutton, the problems!y (1), Ax(2), and
Ap(3) are considered.

— Ap (1) has four minimal solutions, given by (Reflex), 11 (Miniatures), 11 (MovingPictureCams),
and i1 (UnderwaterDev). Indeed,Reflex, Miniatures, MovingPictureCams and Underwater-
Dev are the minterms of the gragk, .
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T
Cameras
StiIICams1 MovingPictureCams 2,3 UnderwaterDev3
/ \ 2 \ /
Reflex Miniatures UnderwaterMovingCams

Figure 8. A hierarchical information source

— The minterms of the grapfy?, are Reflex and UnderwaterDev, thus problemA (2) has two
minimal solutions, given by (Reflex) and s (UnderwaterDev).

— Finally, the problem4(3) has two minimal solutions, given hys(StillCams) and
w3 (UnderwaterMovingCams).

The EISH! is shown in Figure 9. We have

0% = ans(Miniatures, H) = {2}
O' = ans(Miniatures, H') = N {azz(u) | Miniatures — u € K} = ap(StillCams)
= I(StillCams) U I(Miniatures) U I (Reflex) = {1, 2}

Thus, object 1 is retrieved after one extension. O

From a complexity point of view, the last Proposition pestid compute an upper bound on the
evaluation of queries on an extended HIS.

Proposition 9: For all HISsS = (T, K, Obj, I) and termg € T, as(t) can be computed i (|T|? -

|Obj| - 1g| Obj|) time.

Proof: The query evaluation procedure derived from the last Pitiposconsists of 3 steps: (a) to
compute each immediate successorsf ¢ in the term graph; (b) to evaluate the queryn the HIS;

(c) to take the intersection of the results. In order to dethe worst case, lat be the number of terms
that are immediate successorstpfindy the terms that are reachable backward from each immediate
successor of. In the worst casey = |T| — z. Using the result established in Proposition 2 for the

T
Cameras
StiIICams3 MovingPictureCams 1.2 UnderwaterDev 1.2
/ 1,2 \ 1.2 T / 3
Reflex Miniatures UnderwaterMovingCams

Figure 9. A hierarchical information source
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IS type | Complexity
Simple | O(|T| - [Obj] - 1g|Obj])
Extended | O(|T| - |Obj|? - 1g| Obj))
Extended Hierarchical| O(|T|? - |Obj| - 1g| Obj|)
Extended Tree| O(|T|-|Obj| - 1g|Obj))

Table IV. Summary of complexity results for query evaluatio

complexity of step (b), the cost function has a maximum #oe 'T‘T_l Using this value, step (a)
requires'T‘T’1 time; step (b)O(|T'|% - |Obj| - 1g | Obj|); step (C)O(|T| - | Obj| - 1g | Obj|). The cost of step
(b) is clearly the largest of the three, so the Propositidiovics. 0

Last Proposition shows that the evaluation of queries oangldd HISs is a much simpler problem
than the general one, studied in the previous part of therpape

HISs include the ISs whose term graphs are trees. This kindxahnomies, which we catree
information sources (TISs), are common in catalogs, direzs and Web search engines, and therefore
deserve some attention. As a corollary of Proposition 8, &rttie observation that a TIS is a HIS in
which every term different fronT has exactly one immediate successor in the term graph, veethat
forall TISsS = (T, K,0bj,I) and termg € T, t # T,

ans(t,5¢) ={as(u) |t - u e K}.

The complexity of query evaluation on extended TISs is tjghe same as that on ISs.

Table IV summarizes the complexity results obtained forg@wvaluation on the classes of IS ex-
amined in this study. The last result indicates that theuatan of queries on extended HISs is worse
than that on ISs by a factor proportional to the size of theniteology. This is a significant improvement
over the general case, where the factor is proportionaldcsire of the domain (Proposition 5). This
difference reflects the fact that in the general cage(t) must be computed in an object-based (or class-
based) fashion,e. by considering one object (class) at a time, while the ev@naf ag.(t) on a HIS
proceeds in a term-based fashiar, by considering the terms that are immediate successarmdhe
term graph. This also simplifies the implementation, asdids/to compute and keep track of classes.

5. Applications

The basic application of the information source extensigroduced in the previous part of the paper
is the query-less information access mechanism presemt8ddtion 3.4. As pointed out in Section 1,
this is not the only possible exploitation. In this Sectiare consider two important, complementary,
applications. The first application is semantic-basedrinfdion browsing by which the user initially
selects one object, and then navigates through a serietsaffsgbjects, related by a semantic similarity
criterion. The second application is query resaliking in which all the objects in the IS that would
be returned at some point by the query-less access mechargsshown to the user at once, ordered in
decreasing degree of closeness to the query. The rest @eltion is devoted to illustrating in detalil
each one of these two mechanisms, starting from browsing.
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5.1. Browsing by Semantic Similarity

IS browsing is realized via an iterative application of tBeektension operator, which is used to capture
a notion of semantic similarity. The interface of the bravgsmechanism is given by:

— asetD of objects; and

— abrowsebutton, which the user may push at his will in order to obtaimT the system the objects
that are most similar to those @. The similarity in question is clearly semantic in naturecsi
all the system knows about objects is their interpretation.

Initially, O is set by the user t®° = {0} whereo is a prototype of the sought objects. In order to start
browsing, the user then pushes trewsebutton. In response, the interface changes as follows:

o' = ans(q4,S)

where

¢! =\/{t|t € inds(0)} A \{-u|ueT\Ns(o)}
O now comprises the objects whose index shares at least anewiéin the index ofo, and are therefore
semantically similar to it. Clearly, a different similaritriterion could be selected, resulting in a different
guery. The one we have chosen is rather loose; however, afi hiemproved, it guarantees that the
browsing process does indeed allow the user to explore thé&wh, and as such satisfies a basic intuitive
requirement of browsing. If the user is unsatisfied by theenirset of objects, he pushes thewse
button again and, in response:

where
¢* = \/{t |t € abinds(0)} A N\{~u|u €T\ Nge(o0)}

The objects obtained in this way share at least one term Wétabduced index af, and are therefore
the most similar to it, except for those @', which have been already browsed at the previous iteration.
If these new objects satisfy the user, the process is ovegnwise another step takes place, resulting in
the replacement ab? by the set of object®® = ans(q¢?, S) where

¢* = \/{t |t € abinds:(0)} A \{~u|u€ T\ Ns2(0)}

and so on, until either the user is satisfied or no more exparisi possible. The semantics of the
browsing mechanism is described by the following equation¥ > 0):

O = ans(¢",9). 2
whereq! is as above, while fom > 2 :
¢ = \/{t|t€ abindgn-2(0)} A \{-u|ue T\ Ngn-i(0)}

The complementarity between browsing and query-less aaaesbe appreciated by contrasting equa-
tions (1) and (2). By using the browsing mechanism, the usemeogressively retrieve all the objects
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of the IS, starting from an object that is an ostensive repredion of his information needs, and then
moving away, step after step, in a centrifugal process, atier center is represented by the initial object.
A generalization of this interaction mechanism is studie{b].

In order to ground this mechanism on mathematical basigrberties of the™ function, on which
the abduced index is based, are now investigated. Intlyitivee would expect that the application of
T to an interpretation, produce an equal or a larger intemficet, the former case corresponding to the
situation in which the taxonomy of the IS does not enable tdimy explanations for each object index.
Technically, this amounts to say thdt is a monotonic function, which is in fact the case. Then, by
iterating the ™ operator, we expect to move from an interpretation to a tasge, until an interpretation
is reached which cannot be extended any more. Also this twt® be true, and in order to show it, we
will model the domain of the* operator as a complete partial order, and use the notionexf fiwint in
order to capture interpretations that are no longer exmnsi

Proposition 10: Given an ISS = (T, K, Obj, I), let thedomainof S be the setD given byD =
{IUA| A e P(T x Obj)}. Then,-* is a continuous function on the complete partial or@@sC).

Proof: (D, C) is obviously a partial order; moreover, it hasas least element, while the least upper
bound of every chaitiX in D is UK. This proves tha{D, C) is a complete partial order. We next show
that-* is monotonic, that is, that given any two ISs = (T', K, Obj, I;) andSs = (T, K, Obj, I5) such
thatl,,I> € D, I; C I, impliesI;” C L. Let (t,0) € I;". We must prove thatt,o) € LS. There
are two cases. (1),0) € I;. By the hypothesis(t,0) € I and by definition ofl;", (t,0) € I . (2)
(t,0) & L. If (t,0) € I» then again by definition of;", (t,0) € I . So, let us assumg,o) ¢ Is.
Then,t € abindg, (0) and therefore:,(t) UK = indg, (o). By hypothesisindsg, (o) C inds, (o), hence
wo(t) U K = indg, (o), and thereforgu,(t) is a solution of the abduction probless, (o). Now, from
indg, (o) C indg,(0), it follows that Ng, (o) C Ng, (o), and therefore the perturbation of any SiI3a)

in Sy, o(a)\ Ng, (0), is going to be larger than that By, given byo(a) \ Ng, (o). This implies thaj, ()
has minimal perturbation i, too. Sot € abindg,(0). If t has been selected by the functieito be in
I, it will also be selected by the same function to bejn hence(t, 0) € I;” and the monotonicity of
T is proved. Its continuity follows from monotonicity and frothe fact that in the considered complete
partial order all chains are finite, hence the class of manottunctions coincides with the class of
continuous functions (see,g.[13]). O

As a corollary of the previous Proposition and of the Kna$taski fixed point theorem, we have that
the function-* has a least fixed point that is the least upper bound of thendhiair +, (I7)*,... }. As
already remarked, all chains are finite, so the fixed poirtbgifeached after a finite number of iterations.
According to Proposition 4, for each objegtthe terms added at each iteration are amongst those in
T\ Ns(o). It follows that the fixed point is reached when, for each aljedVs (o) = 1. This guarantees
that the extension process always covers the entire teloginaf pushed to its extreme consequences.
Moreover, the same Proposition allows to derive an uppentban the number of iterations required to
reach the fixed point. In fact, assuming that at each itarationd s (o) consists only of one term, in at
most

max{ |T \ Ng(o)| | o € Obj}

iterations the fixed point is reached.
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Example 9: Let us consider again the IS shown in Figure 2, and let us suppose that the user has
requested a browsing starting from object 1. We have:

o’ = {1}
@ = xVwA-aA-bA-cA-dA—-eAfA-g
o' = {1,2}

Suppose the user is not satisfied and requests artwthesestep. The setbinds(1) must be computed.
From the table in Figure 6, we hawéinds(1) = {c,g}. As a consequence:

¢ = cVgA—-aA-bA-dA-eA—f

0 = {3}

The user not being yet satisfied, the aétndg: (1) is computed. From the table in Figure 7 we have
abindg1(1) = {a, b, e, f}. Consequently:

¢ = avbveVfA-d
0% = {4,6}

If the user asks for another browsing step, thes$étd s2(1) must be computed. The grap}g2 consists
just of the vertexd, and the only minimal terminal set {gl}, which is alsoabind g2 (1). Therefore:

o' = {5}
The index of object 1 irs? is given by:
indgs(1) = {a,c,d}.
SinceNgs (1) = T no further extension is possible and the browsing procesgeishaving displayed all
IS objects to the user. O

5.2. Query Result Ranking

As mentioned in the Introduction, an important feature édimation retrieval systems is their ability to
provide the user with a ranking of the IS objects as a resudt giiery evaluation. Ranking is a useful
structuring device, and can be obtained also in the confextiroqualitative approach, by exploiting the
abduction framework in a dual way to the browsing mechaniestidbed above.

The set of objects that the user will get in response to a quiepyapplying the query-less information
access mechanism outlined in Section 3.4, is given by:

N
answerg(q) = U ans(q, S%)
i=0

whereN is the iteration at which the fixed point is reached, SN-1 ¢ §N = gN+1 = gN+2 — |
Notice that ifg is non-monotonici.e. it contains negation, certain objects may not appeaniwerg(q).
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We can order these objects with respect to the iteration athwdach object would start appearing in the
answer. In particular, we can define ttamk of an objecto € answerg(q), denoted byranks(o, q), as
follows:

ranks(o,q) = min{ k| o € ans(q, S*)}

Theranked answeto ¢ on S is an ordering of sets, defined as:
rans(q,S) = ({o | ranks(o,q) = 1},{o | ranks(o,q) = 2},...,{o | ranks(o,q) = N}).

Example 10: Consider the HIS presented in Figure 8 and the gqgeryUnderwaterMovingCams. In
this case we have:

ans(UnderwaterMovingCams, H%) = ()
ans(UnderwaterMovingCams, H') = {3}

ans(UnderwaterMovingCams, H?) {1,2,3}

so the ranked answer tdnderwaterMovingCams on H is

rans(UnderwaterMovingCams, H) = ({3}, {1, 2}).

6. Conclusions

Indexing accuracy and consistency are difficult to maintiihas been known for a long time that there
are large variations between the index terms assigned tereatit indexers, or by the same indexer at
different times [43]. Imposing a standard indexing languéike the terminology of a taxonomy) tends
to improve consistency, but it does not improve accuracg Sdme holds for the automatic classification
methods which may at best produce approximations. To alievhe effects of this problem in query-
based information access, we have proposed a mechanist alluass liberating the index of a source
in a gradual manner. This mechanism is governed by the nofi@xplanation, logically captured by
abduction, and permits to support query-less informaticeess. In this type of access, the user, after
posing an initial query to which an unsatisfactory answerligen given by the system, iteratively relaxes
the index of the IS, thereby retrieving other objects, whach rougher and rougher approximations of
the query.

The proposed method has been shown to have two other impagglications:

— similarity-based browsing, in which the user starts frorsefected object and navigates to the
semantically most similar objects not yet discovered,;

— query result ranking according to an explanation-basedsuare of relevance. Recall that in
statistics-based Information Retrieval the notion ofvatee is founded only experimentally; what
relevance is, in other words, is defined by the user from tottierte and from experiment to experi-
ment, and is then heavily dependent on judgments whereysghjective and hardly reproducible
factors are brought to bear. Our approach can be used forimgdbe objects of the answer ac-
cording to a more well-founded notion of relevance.
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The proposed approach can be applied on collections of ritgrinidexed objects (e.g. Web Cata-
logs), as well as on automatically indexed collections gfsavhose index is derived using automatic
classification methods. The only prerequisite is that thpleyed taxonomy should admit of a semantic
interpretation such as the one given in this paper. Speltjfitee proposed operation can be applied
to taxonomies whose relationships can be seen as conditiomaxonomies that fall to this category
include:

— Taxonomies which conceptualize the domain as a denuneesabbf objects, and consist of terms
that denote sets of objects and relationships that dendémsignal subsumptidn The subject
hierarchies of Web catalogs fit in this case.

— Taxonomies which consist of terms that denote geograjpduieas structured by a spatial inclusion
relation (e.gCrete — Greece).

— Taxonomies (for products, living species, fields of knagle) in which the terms correspond to
categories structured by a subclass relation &garies — Birds). For example many existing
thesauri fit in this case.

It can also be applied on secondary (i.e. mediator) taxorbasgd sources [41] for alleviating not only
the uncertainty that originates from primary sources, s the uncertainty and inexactness of the
mediator mappings.

Also notice that by restricting the set of solutiodsin Definition 5 we can limit the scope of the
extension operation to the parts of the index that we wanelaxr This restriction can be applied on
taxonomies designed according to a faceted approach [34#h 8&ler to relax the index with respect to
the desired facet(s).

Finally, the proposed operation can be applied not only touably constructed taxonomies but also
to taxonomies derived automatically on the basis of an émfee service. For instance, it can be applied
on sources indexed using taxonomiesafmpound term&hich are defined algebraically [38], or concept
hierarchies formed using Description Logics (DL) [10]. Sifieally, we can view a DL knowledge base
Y. = (T'Box,ABoz) as an ISS = (T, K, Obj, I) where

— T consists of all concepts that appeafliBox and ABox;

— K contains a conditional’ — D (C,D € T)iff ¥ = C C D, i.e. C subsumesD in the
knowledge bas&;

— Obj is the set of individuals that appear in the concept assetibA Boz; and
— I is defined by the concept assertions of thBox, namely(C, o) € I iff C(0) € Abozx.

For example consider a quefy posed to the knowledge bade Let Sy be the source obtained by
adding the query) to the sourceS as defined earlier, i.e. by addidgto 7" and placing) in its correct
place (with respect t@) in K. The extension operatetr can then be applied to the sourge.

LIn contrast to the intensional meaning of terms (i.e. seg [8P and to intensional subsumption.
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