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Abstract

Documents often display an internal structure; they are composed of com-
ponents. For example, a journal contains several articles, which themselves
contain paragraphs, tables, etc. With structured documents, the retrievable
units should be the document components as well as the whole document.

The components of a structured document can be of different types: var-
ious media, located in a number of sites, or written in several languages. An
information retrieval model for heterogeneous structured documents must take
into account this disparity among document components.

We present a model for representing and retrieving heterogeneous struc-
tured documents, that is multimedia, distributed and multilingual documents.
The model is based on evidential reasoning, a formal theory that allows for
the representation and the combination of knowledge. Here, knowledge is the
content of document components. We show that the model provides for an ap-
propriate representation and retrieval of heterogeneous structured documents.

1 Introduction and background

In traditional Information Retrieval (IR) systems, documents are retrieved as atomic
units. However, often documents display an internal structure; they are composed
of components. For example, an article may be divided into an introduction, sev-
eral sections, each with subsections, and a conclusion; a conference proceedings
contains several papers, each with its own structure. From the user’s point of view,
presenting only some components of documents can make it easier to distinguish
potentially relevant documents from irrelevant ones. It can also make it easier for
a user to target which components of the document may be most useful, especially
for long documents, and documents that cover a variety of subjects.

With structured documents, the retrievable units should be the document com-
ponents as well as the whole document. Also the retrieval process should return
various levels of composite parts, for example, a section when only that section is
relevant, a group of sections, when all the sections in the group are relevant, or
the document itself, when the entire document is relevant. This is only possible if
the underlying IR model takes into account the inherent structure of the
documents, in both representing and retrieving structured documents.

*This work was carried out when the author was at Informatik VI, University of Dortmund,
Germany.



In this work, the structure of a document corresponds to a tree whose nodes, re-
ferred to as objects, are the components of the document and whose edges represent
the composition relationship (e.g., a chapter contains several sections). An object
is considered to be an entity that has a coherent meaning in itself when displayed
to the user. The root object of the tree embodies the whole document, and the leaf
objects comprise the raw data (e.g., a piece of text, an image). Any non-leaf object
is referred to as a composite object (the root object included).

In [1, 2, 3], a model for structured documents was advanced. The model, which
is expressed within a framework based on formal logics, aims at providing two
complimentary approaches for manipulating structured documents: browsing and
querying. Browsing is done with respect to the structure of the documents. Query-
ing can be of three kinds:

e structure query: selecting which part of the structure to retrieve (e.g., a title,
a section, a title followed by a section);

e attribute query: specifying values for attributes associated with objects (e.g.,
author name, creation date);

e content query: seeking objects relevant to an information need.

In this paper, we concentrate on content queries, where the retrieval of documents
is solely based on their content.

Chiaramella et al [1, 2] explain that, to allow for effective and efficient browsing
and querying, content-based retrieval should exploit the structure of documents.
The reasons are twofold. First, the relationships between the retrieved document
parts should not be ignored. This aims at reducing “cognitive overload”. For
example, suppose that two document components, a chapter ¢ and a section s,
have been retrieved (by whatever techniques) for a given query. If the section s is
part of chapter ¢, this information is not made explicit to a user until he or she
browses down from chapter p or browses up from section s. Moreover, according to
the ranking method, ¢ and s will most probably be displayed at distant locations
in the result. This redundancy has a negative impact on cognitive overload and
wastes user time. It can also lead to user disorientation. Second, to be efficient, the
retrieval should be focussed: if a composite object is not relevant to a query, then
none of its component objects are relevant, and hence do not need to be evaluated
for relevance.

To capture the relationships between document parts and enable focussed re-
trieval, Chiaramella et al define the representation of a composite object as the
aggregation of the representations of its component objects. They also show that
this approach makes it possible to return various levels of composite parts.

Their model, however, does not incorporate the uncertainty inherent to the
representation of content. Due to the complex nature of information, representing
the content of an objet or a document is an uncertain task because it often relies
on incomplete evidence. For instance, it is not because a term has been extracted
by the indexing algorithm that the term describes adequately the object.

To capture uncertainty, in [4], we extended the model developed by Chiaramella
et al with the use of the Dempster-Shafer theory of evidence [5, 6]. We demonstrated
in [4] and [7] the connections between their model and some functions offered by the
Dempster-Shafer theory of evidence, in particular, the aggregation operation and
the so-called Dempster’s combination rule. We showed that our model appropriately
provides for:

e representing individual and aggregated document components, and the un-
certainty of their representation;



e calculating the relevance of a document or document component to a query;

e retrieving document components that are most relevant to a particular infor-
mation need; and

e the properties of the aggregation rule are compatible with those proposed by
Chiaramella et al.

In [8, 9] we carried out a range of experiments on structured text documents
which showed that the use of the Dempster’s combination rule to determine the
representation of composite objects leads to:

o ¢ffective retrieval: the components of a document that are most relevant to a
query are retrieved before those less relevant.

o efficient retrieval: if a composite object is not relevant to a query, then none
of its component objects are relevant (focussed retrieval).

Although we did not perform experiments on non-text structured documents,
our model can be applied to any collection of structured documents for which the
indexing vocabulary is common to all objects. With our model, it is necessary to de-
termine an indexing vocabulary that is common to all document components, and all
documents of the collection. This poses a problem for multimedia, distributed,
and multilingual documents, for which the objects composing a document can
be of different media, distributed over several sites, or written in various languages.

For instance, a structured document can be composed of image objects, text
objects and video objects (e.g., web documents, illustrated on-line books, newspa-
pers). Different indexing vocabularies are used to represent the content of objects of
different media. A structured document can have some components in one database,
and other components in another database (e.g., web documents, documents in a
digital library). The indexing vocabulary (e.g., terms) in one site may not be the
same as that in another site. Finally, a structured document can be composed of
objects whose textual content is written in various languages (e.g., the web pages
of a university in a non-English speaking country are often written in both English
and the language of the country of the university). Different indexing vocabularies
apply to different languages.

The model developed in [4] cannot deal with heterogeneous structured docu-
ments, that is multimedia, distributed and multilingual structured documents. This
is because the aggregation as defined by the Dempster’s combination rule requires
that the indexing vocabulary is the same for all objects. Therefore, we need a
more general model that allows for the disparity of indexing vocabularies.
For this purpose, we require:

Disparity of indexing vocabularies a theory that does not necessitate the con-
struction of a uniform indexing vocabulary, so the model can be applied to
multimedia, distributed, and multilingual structured documents.

Aggregation of indexing a theory that supports an appropriate aggregation of
indexing, which takes into account the fact that indexing elements can have
the same or related meaning (e.g., “mammal” vs ’dolphin”). In this paper,
we say that the indexing elements are informationally related. For instance:

e consider an object composed of two component objects: an image object
indexed by the colour “blue”, and a text object indexed by the term
“sky”. The two elements may be based on different indexing vocabular-
ies, but they are also informationally related because often the colour of
the sky is blue.



e the indexing vocabulary in a site A may be more refined than that of a
site B. For instance, in site A every document dealing with animal is
indexed by the element “animal”, whereas in site B, the elements “cat”,
“dog”, and “horse” can also be used as indexing elements.

e the term “mer” in a French document is related to the term “Meer” in a
German document (“mer” and “Meer” are, respectively, the French and
German words for “sea”).

Aggregation of uncertainty a theory that allows for the appropriate aggregation
of uncertainty. The uncertainty of the representation of a composite object
must take into consideration the uncertainty of the representations of its com-
ponent objects. The use of an element in indexing the composite object should
be less uncertain if that element appears, maybe in different forms, in the rep-
resentations of several of its component objects, than that of an element that
appears in the representation of only one of its component objects.

The theory of evidential reasoning developed by Ruspini [10, 11, 12, 13] fulfils
these requirements and, as it is a generalisation of the Dempster-Shafer theory of
evidence, it possesses similar characteristics that from our experience are effective
in modelling the representation and the retrieval of structured documents, and in
efficiently implementing such a modelling.

In evidential reasoning, propositional logic is extended with epistemic operators
to represent the knowledge held by an agent, and uncertainty is expressed on a
probabilistic basis. Here an agent corresponds to the indexing method associated
with the representation of components of a given type. Based on the representation,
the theory allows to combine the knowledge held by a number of agents. The
combination is used to define the aggregation of representations.

In this paper, we use evidential reasoning to build a general model for het-
erogeneous structured documents. The proposed model encompasses the following
cases:

e 3 structured document composed of objects of the same media, located on
the same site, and written in the same language, thus including our previous
model based on the Dempster-Shafer theory of evidence;

e 3 structured document composed of objects of different media, located on
several sites, or written in various languages, thus involving a number of
indexing vocabularies.

The paper is organised as follows. In Section 2, we model the indexing vocab-
ularies associated with document components. In Section 3, we model the repre-
sentation of leaf document components. In Section 4, we model the representation
of composite document components. The modellings of the representations of leaf
and composite components use the same ontological concepts. What differs is how
these concepts are obtained. For a composite object, they are the outcome of an
aggregation operation performed on the representations of its component objects.
In Section 5, we discuss an important property of the aggregation operation which
ensures focussed retrieval. The retrieval process is presented in Section 6. Related
work is described in Section 7. We conclude in Section 8. An overview of the
notations used in the paper is given in an appendix.

We do not describe evidential reasoning itself, but we use it to express our model.
For details of the theory, the reader should refer to [10, 11]. In our paper, some of the
ontology original to evidential reasoning (e.g., epistemic states, epistemic algebra,
marginal epistemic algebra, and so forth) is replaced by one closer to IR ontology.
In addition, some of the concepts introduced by Ruspini, aimed at explaining the



foundations of evidential reasoning, are not included as they are not necessary to
express our model.

2 Modelling indexing vocabularies

The objects of which heterogeneous structured documents are composed have each
a type. We introduce two sets: O is the set of objects of which heterogeneous
structured documents are composed; 7 is the set of types (media, sites, languages
and any combination of these), e.g., text in the Dortmund site, image, speech, text
in French in the Montreal site.

The type of an object is modelled with a function relating each object to its

type.

Definition 2.1 (Type of an object) The function type : O — p(T) maps each
object 0 € O to a set of typest CT.

An object 0 € O is said to be monotype if type(o) is a singleton set; otherwise,
it is said to be multitype. An object is monotype if it is a leaf object, or if it is
composed of objects of the same type. An object is multitype if it is composed of
objects of different types. Therefore, leaf objects are monotype, whereas composite
objects can be either monotype or multitype.

The type of a composite object is defined as the aggregation of the types of its
component objects.

Definition 2.2 (Aggregation of types) Let 0,01 and o2 be objects of O such
that o is composed of 01 and o2. The type of o is determined as:

type(o) = type(o1) U type(o2)

Note that o is monotype if type(o1) = type(oz2), and 01 and o2 are monotype
objects.

We chose to not use a type system, but a pure set union. The reason is that,
in this work, it is sufficient to know that an object is composite, and what are the
types of its components objects. For instance, an object composed of an image
(type {Image}) and a piece of text (type {Text}) will have a type expressed as the
set {Image, Text}. Since this is not a singleton set, the object is multitype.

To represent the content of an object, an indexing vocabulary associated with the
type of the object is used. In this section, we describe how indexing vocabularies are
modelled. This is done in two steps. First, we symbolise the indexing vocabulary
associated with a type. Then, we define the aggregation of indexing vocabularies.
The latter determines the indexing vocabulary used to represent composite objects.

2.1 Symbolising of an indexing vocabulary

An indezxing vocabulary is associated with a type. Objects of a given type are
represented by elements of the corresponding indexing vocabulary. The elements
can be keywords, phrases, sentences, concepts derived from histograms, phonemes
extracted from speech documents, etc., depending on the type.

The indexing vocabulary associated with a type is symbolised by a syntax and
a semantics.

2.1.1 Syntax

The syntax is defined upon a proposition space and a sentence space.



Definition 2.3 (Proposition space) For a type t C T, P, = {p1,... ,pn} is the
set of propositions symbolising the indexing vocabulary associated with t.

For a type t, each element of the indexing vocabulary is symbolised by a propo-
sition of P;. For example, the term “wine” is symbolised by the proposition
wine € P{pngiishTesty, Whereas the fact “the colour of the background is blue” is
symbolised by a proposition feature(colour, background,blue) € P{giasgowImage}
where EnglishText,GlasgowImage € T (EnglishText is the type text written in
English, and GlasgowImage is the type image in the Glasgow site).

The propositions symbolise elements of the indexing vocabulary. An object
content can be described by individual elements (the object is about “wine”), the
combination of individual elements (the object is about “wine and/or salmon”), or
by stating that it is not about an individual element or a combination of them (the
object is not about “wine”). All the possible (allowed) descriptions constitute a
sentence space defined upon conjunction, disjunction, and negation of propositions.

Definition 2.4 (Sentence space) Given a proposition space P, associated with a
type t C T, the set of sentences that can be used to describe the content of an object
of type t constitutes a sentence space S; defined as follows:

(1) the true and false sentences denoted, respectively, T and L are sentences of
St;'

(2) any proposition p; in P, is a sentence of S;
(8) if ¢ and v are sentences of S, then so are ¢V 1, ¢ A, and —¢.

For example, let “wine” and “salmon” be two elements of the indexing vo-
cabulary symbolised, respectively, by the propositions wine € P{gngiishtesty and
salmon € P{pngiishTesty- The sentence wineAsalmon € S{pngiishTest) Can be used
to express that an object is about both “wine and salmon”.

2.1.2 Semantics

The semantics of the indexing vocabulary is expressed with a possible worlds ap-
proach [14, 15].

Definition 2.5 (Type structure) For each typet C T, we define a type structure
Fy = (S¢, Wy, v, my) where:

(1) S; is the sentence space associated with the type t.
(2) Wy is the set of possible worlds associated with the sentence space Si.
(8) v : Wy x Py — {true, false} where true and false are truth values.
(4) m : Wy x Sg — {true, false} is defined as follows. For all w € Wy,
(a) For all p € Py, m¢(w,p) = ve(w,p);
(b) m(w, T) = true and m(w, L) = false;
(c) For all 9 € Sy,

o i (w, pAY) = true if and only if (iff) m(w, ¢) = true and w(w, ) =
true;
o m(w,d V1Y) = true iff m(w, d) = true or m(w, ) = true;

o i (w, @) = true iff m(w, d) = false.



For simplicity, for any world w € W; and sentence ¢ € Sy, if 7 (w, ) = true
(respectively, 7 (w, ¢) = false) we say that ¢ is true (respectively, false) in w.

The mapping v; assigns truth values to propositions in a given world, whereas
the mapping 7; assigns truth values to sentences (including propositions) in a given
world. The truth values for v; are constructed, whereas the truth values for 7; are
dependent on those given by wv;.

The construction of vy depends on whether the type t is an aggregated type (the
type of a composite object) or not. For a non-aggregated type ¢, v; is constructed
from the proposition space P;. Given a proposition space P;, there is a maximum
of 217l possible worlds: one in which all the p;s are true, one in which p,, ... ,p,
are true and —p; is true, etc. v; reflects all these cases. In practice, the number
of worlds in W, can be smaller than 2/*:| because some propositions of P, can be
informationally incompatible with other propositions of P; (e.g., no document about
“wine” is about “computing”, and vice versa).

A proposition (or a sentence) is informationally compatible with another one if
either (1) they are not informationally related to each other (see Definition 2.9) or,
(2) one is not informationally related to the negation of the other.

Two examples illustrating the construction of vy are given in Sections 2.1.3 and
2.2.3.

For an aggregated type, v; is constructed from an aggregation operation applied
on type structures. This is described in Section 2.2.

With a possible worlds structure, the truth values of sentences can be related
to each other. This is formalised with the notion of logical implication and logical
equivalence.

Definition 2.6 (Logical implication) For two sentences ¢, € Si, the sentence
v logically implies the sentence ¢, denoted v = ¢, iff: for all possible worlds
w € Wy, if ¢ is true in w, then ¢ is also true in w.

For example, for ¢,1 € Sy, it can be proven that ¢ A ¥ = 1 (from standard
propositional logic [16]).

Definition 2.7 (Logical equivalence) For two sentences ¢, € S, the two sen-
tences ¥ and ¢ are logically equivalent, written ¥ < ¢ iff ¥ = ¢ and ¢ = .

For example, for ¢,1 € S;, it can be proven that ¢ A & (- V —¢) (de
Morgan’s law [16]).

2.1.3 Example

Let t4 C T and P, = {a,b,c} be its associated proposition space. This means
that the indexing vocabulary for the type t4 includes three elements symbolised by
the propositions a, b and ¢. Suppose that a, b and ¢ are informationally compatible
with each other. Consequently, W;, is composed of 8 (= 2%) worlds w{',... ,w§
listed in Table 1. The truth values of the propositions in P;, in the worlds (as given
by the mapping v;,) are also displayed in the table.

From v;,, we derive 7;,. For instance, 7y, (w{',a Ab) = m, (wi,bAc) =
7t , (wit, ¢) = true, meaning that aAb, bAc and ¢ are true in world wi; m;, (wd', c) =
e, (wit, b A ¢) = false; etc.

Note that for all worlds w? € W, , m, (w4, T) = true and 7, (w?, L) = false;
that is, the sentence T is true in all worlds and the sentence L is false in all worlds.

Also, we can easily show for instance that aA-a < L, aAb=>aVb c=> T,
etc.

To recap, an object has a type t C 7. The indexing vocabulary associated with
the type is modelled by a sentence space S; (the syntax) and a type structure Fj
(the semantics).



worlds in Wy, | v, (Wi, a) | ve, (W, 0) | ve, (Wi, c)
wi true true true
wit true true false
w4 true false true
wi true false false
wi false true true
wg false true false
wi false false true
wg“ false false false

Table 1: Formalisation of the indexing vocabulary for a type t4

For the indexing vocabulary of a leaf object, F; is built directly from the propo-
sitions of P, which symbolise the elements forming the indexing vocabulary. The
example given in this section illustrated how this can be accomplished. For the
indexing vocabulary of a composite object, F; is built from the aggregation of
type structures. This is defined in the next section.

2.2 Aggregation of indexing vocabularies

A composite object has a type built upon the types of its components objects. Let
t C T be the type of an object that is composed of an object of type t4 C T and
an object of type tg C 7. From Definition 2.2, t = t4 Utp. We refer to ¢ as an
aggregated type.

The indexing vocabulary of the aggregated type t is constructed upon the in-
dexing vocabularies of the types t4 and tg. The construction is an aggregation
of indexing vocabularies. Formally, this is modelled as the aggregation of type
structures, which yields the type structure modelling the indexing vocabulary as-
sociated with the aggregated type t. The aggregation of type structures is defined
syntactically and semantically.

2.2.1 Syntax

The syntax of the indexing vocabulary of the aggregated type is defined upon a
sentence space. Let P;, and F;, be the proposition spaces associated with ¢4 and
tg. Let S, and S, be the respective sentence spaces.

Definition 2.8 (Sentence space of an aggregated type) Let t,ta,tp C 7.
The sentence space S; of an aggregated type t =t U tp is defined as follows:

(1) if ¢ is a sentence of Si,, then it is a sentence of Sy.
(2) if ¢ is a sentence of Sy, then it is a sentence of S;.

(8) clause (3) of Definition 2.4 defining well-formed sentences over S;.

Clauses (1) and (2) mean that any sentence that can be used to index objects
of type t4 or objects of type tp can also be used to index composite objects of type
t =taUtp. Note that if t4 = tp, then S;, = S;, = S;.

2.2.2 Semantics

The semantics of the indexing vocabulary of the aggregated type t = t4 U tp is
defined by a type structure constructed upon the type structures associated with



the types t4 and tp. Let Fy = (S¢, Wy, vg, m¢) be this type structure. The sentence
space S; was defined in the previous section. The mapping 7; is defined directly
from the mapping v; as given in Definition 2.5, clause (4). What remains to be
determined are the set of possible worlds W; and the mapping v;.

The possible worlds forming W; depend on the pairwise compatible combina-
tion of the possible worlds forming, respectively, W;, and Wy, (the sets of possible
worlds for the type structures associated with ¢4 and tp, respectively). The gen-
eral idea is as follows. For any pair of worlds (w”,w®) € W;, x Wy, that are
compatible, a world w is created. Compatibility means that the two worlds w*”
and wP assign the same truth values to propositions of P;, and P, , respectively,
that are informationally related!: they are the same, they depict the same concept
(e.g., synonym), or one depicts a more specific or general concept than the other
(e.g., hyponym or hypernym). The relationship between the pair (w4, w?) and w
is expressed by a function @. That is, for any two worlds w4 and w?, respectively,
in Wy, and Wy, if the propositions in P;, and F;, that are informationally related
have the same truth value in, respectively, w” and w?, then a world w is created
such that ®(w*,w?) = w. This is formally defined as follows.

Definition 2.9 (Construction of W;) For any world w* € W;, and w® € W;,,,
if for all p* € P,, and p® € P, either

e p? and p® are informationally related (e.g., they are equal, they are informa-
tionally equivalent, or one informationally implies the other) AND vy , (w?, p™)
B B
Utg (’U) P ): or

o pA and pP are not informationally related,

then a world w is created.

The set of created worlds constitutes Wy.

The relation between w? and w?, and the created world w is expressed by the
function ® : Wy, x W, = Wy, where ®(w?,w?) =w.

Given two worlds w? € W, , and wP € Wy, , no world in W; is created if there
exist two propositions pA € P,, and pP € P, that are informationally related, and
for which v;, (w?,p?) # v, (WP, pB). Such a case means that the worlds w4 and
WE are “incompatible”. In all other cases, a world in W; is created.

To construct Wy, we need to know which propositions in P, are information-
ally related to which propositions in P;,. This knowledge can be extracted from
thesauri, dictionaries, more sophisticated knowledge bases, or can be determined
manually (the worst case). Consider the case of the aggregation of an English and
a French indexing vocabularies, both covering the topic “wine making”. Let the
two indexing vocabularies be modelled by the type structuresF;, and F;,, respec-
tively. Let the propositions wine and vin be included in proposition spaces F;,
and P, respectively. Consider two worlds w{* and w4 in W;, in which wine is,
respectively, true and false, and world w® in W;, in which vin is true. A language
dictionary will provide the information that “wine” and “vin” refer to the same
concept; the propositions wine and vin are informationally related (equivalent in
this case). If we only consider the two propositions wine and vin, wi! and w? are
compatible, whereas wi' and w® are not. As a result, a world w is created such
that w = @ (w{!,w?). No world is created for the pair (wg',w?).

If the knowledge regarding informationally related propositions is not available,
then all worlds of W;, are compatible with all worlds of W;,. The maximum
number of worlds forming W; that can be created is hence |Wy, | x |Wy|. However,
this number can be smaller since some worlds in W;, may not be compatible with

'In the linguistic or ontological sense as given in a thesaurus, a language dictionary, etc.



some worlds in W, (e.g., a world in Wy, in which a is true and a world in W;,
in which b is false, where a € P, and b € P,, are informationally related). The
availability of this knowledge therefore constrains the number of created worlds (the
worlds forming W;). In the remainder of this paper, we assume that the knowledge
is available.

Ifty = tp, then W, = W,. A world in Wy, is related to itself. So for each
world w4 € Wy, , a world w € W; is created such that ®(w?,w”) = w. We have
(Wi, | = (Wl

We determine next how the mapping v; is constructed. v; assigns truth values
to propositions from S; in worlds of W;. We define first the proposition space P;
(the domain of v;). A proposition p# € P,, can be informationally equivalent to a
sentence of Sy, for instance, pP A pP where pP € P, and p? € P,,,. In this case,
p? is a sentence, and not a proposition with respect to S, so p? is not part of P;.
If p# is informationally equivalent to a proposition of P, then p# is part of P;.
Finally, if p“ is informationally equivalent to no sentences of Sy, , then p4 is also
part of P;. To reflect the three cases, the proposition space P; is defined as:

Pt=PtIAUPtIB

where
P, = {p* € P,,| there does not exist ¢ € S;,, — P;,, such that p* is informationally
equivalent to ¢}
and
P! = {p® € P,,| there does not exist ¢ € S;, — P, such that p? is informationally
equivalent to ¢}.

The mapping v; is now constructed as follow.

Definition 2.10 (Construction of v;) Let vy : Py — {true, false}. For any
proposition p € P{, or p € P/, and world w € Wy,

_ 'l)tA(’LUA,p) iprPtIA;
ve(w,p) = B . /
vy (WP,p) ifpe P,.
where w = &(w?, w?).

Note that any proposition in P/, or P, is a sentence of S; (from Definition
2.8). v, assigns a truth value to a proposition p in a world w that is the same as
that of the proposition in w if p € P} > and wBifpe Py . This means that, for
p € P/, N P{_, p cannot be true in w? and false in w®. This is ensured by the way
the worlds in W; are created (Definition 2.9). There cannot be a world in W; in
which two informationally related propositions have different truth values, where
these truth values come from those assigned with respect to the worlds in W;, and
W, , respectively.

We can now define the aggregation of type structures leading to the type struc-
ture modelling the indexing vocabulary associated with the aggregated type t.

Definition 2.11 (Aggregation of type structures) Let t,ta,tg C T and t =
ta Utp, where the type structures for t4 and tg are Fy, = (St , Wi, Ve, Tt,) and
Fip, = (Sip, Win,Vig,Ttg), respectively. The type structure Fy = (Sy, Wy, vy, )
associated with t, is determined upon Fy, and F;, as follows:

2This is not completely correct since we have not made the assumption that the worlds must
be distinguishable (two worlds cannot assign the same truth values to the propositions of the

proposition space). A world w? € Wy 4 can be related to another world w4 e Wi, . Therefore,

there will be a second world created w' € W; such that ®(w?,w'4) = w'. However, w and w'
will not be distinguishable.
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(1) S; is defined as given in Definition 2.8;
(2) Wy is defined as given in Definition 2.9;
(8) v, is defined as given in Definition 2.10;
(4) m is defined as given in Definition 2.5, clause (4).

Logical implication and logical equivalence, = and <, also apply to the type
structure Fj.

If t4 = tg, we obtain P}, = P{, = P;, = P;,. Also, for w € W;, we must have
w? € W;, such that @(w?,w?) = w. It can be easily shown that the truth value of
any sentence of Sy, in w* is the same as that in w (we have S; = Sy, ). Therefore, we
obtain an identical type structure to F;,. This shows that the indexing vocabulary
associated with an aggregated type based on two identical types is the same as that
of the two types.

2.2.3 Example

Consider the proposition space Py, = {a,d} for the type tg C T. This means that
the indexing vocabulary associated to tp includes two elements symbolised by the
propositions a and d. The set of worlds W;, contains then 22 = 4 worlds listed
in Table 2. The truth values of the propositions of P;, in worlds of W;, are also
displayed in the table (the mapping vy, ).

worlds in Wi, | vig (wf ,a) | Vg (wf , d)
wP true true
wh true false
wh false true
wf false false

Table 2: Formalisation of the indexing vocabulary for a type tp

Compare this example to the proposition space P;, defined in Section 2.1.3.
We have one common proposition, a. We assume that d is not informationally
incompatible to a,b and c.

The mapping v; constructed for the type structure F; is given in Table 3. The
propositions true in worlds of W; are shown. The table also shows the worlds from
Wy, and Wy, for which a world in W, is created (&~ (w;)?). In our case, P, = P/,
and PtB = PtIB .

In Table 3, for instance, wil and wf yield a world in W; (w1) because the truth
value assigned to a is the same (a is the only proposition that belongs to both Py,
and Pj_) (this comes from Definition 2.9). From Definition 2.10, a,b,c and d are
true in w; since a,b and c are true in w{' and a and d are true in wP. w{* and w¥
do not yield a world w € W; such that w = ®(wi',w?) because the truth values
assigned to a in the two worlds wi! and w? are different.

Note that the number of worlds in W; is 16 < |[W;, | x |[W;,| =8 x 4 = 32.

2.3 Summary

In this section, we have presented the modelling of the indexing vocabulary associ-
ated with the type of leaf and composite objects. The syntax and the semantics were

j@_; is the reverszmagping to @: for all w € Wy, w4 € Wi, and w® € Wi, 0~ Y(w) =
(w?,w?) iff w = &(w,w?).
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worlds w | @~!(w;) | Propositions | worlds w; | @~ !(w;) | Propositions
in Wy true in w; in Wy true in w;

wy (wit, wh) a,b,c,d wa (wi, wP) a,b,—c,d
ws (w3, wP) a,—b,c,d wy (wit, wP) a,—b,—c,d
ws (wit, wh) a,b,c,~d we (wit, wP) | a,b,—c,~d
wy (wit,w8) | a,-b,c,~d ws (wi, wP) | a,-b,—c,~d
W (w, wh) —a,b,c,d wio (wgt, wP) | -a,b,—c,d
Wi (wit,wP) | —a,-b,c,d Wia (wi,w8) | —a,-b,—c,d
w13 (wi,wh) | —a,b,c,—d W14 (wg,wP) | —a,b,—c,~d
wis (wit,wB) | —a,-b,c,~d Wi (w,wP) | —a,-b,—c,~d

Table 3: Aggregation of type structures

given, and led to the definition of type structure. For a leaf object, the type structure
is constructed from the elements of the indexing vocabulary. This was illustrated
with two examples. For a composite object, the type structure is constructed as
the aggregation of type structures (those modelling the indexing vocabularies of the
components objects).

The modelling can be applied to multimedia, distributed, and multilingual doc-
uments, since the indexing vocabulary associated with an aggregated type t con-
structed upon two distinct types t4 and tp is defined in terms of the indexing vo-
cabularies associated with ¢4 and tg. The modelling also applies to the restricted
case of monomedia, non-distributed, and monolingual documents, since the index-
ing vocabulary associated with an aggregated type t constructed upon two identical
types t4 = tp is the same as that associated with ¢4 (and tg).

In the next section, we present the modelling of the representation of leaf objects
and in the following one, the modelling of the representation of composite objects.

3 Modelling the representation of leaf objects

We describe the modelling of the representation of a leaf object 0o € O where
type(o) =t C T (t is a singleton set). There are two aspects to be modelled: the
indexing and the uncertainty of the indexing.

3.1 Modelling the indexing

Modelling the indexing consists of modelling the elements of the indexing vocab-
ulary representing the content of the object. This is defined by a syntax and a
semantics, and is based on the type structure Fy = (S;, Wy, vs, 1) modelling the
indexing vocabulary associated with the type t.

3.1.1 Syntax

To model the content of an object, we need a way to express that some sentences
of Sy play a role in the indexing of the object o: they index the object o. For this
purpose, we introduce a modal operator I,, and we extend the sentences space S;
to include modal sentences.

Modal operators allow us to distinguish which sentences of S; index the objects.
The truth values assigned to sentences in Sy only model the possible descriptions of
the content of objects. Modal sentences state which of these possible descriptions
are indeed descriptions of the content of objects.

12



Definition 3.1 (Modal space) Let o € O where type(o) =t C T. The modal
space, denoted S,, associated with the object o is the set of sentences (well-defined
formulae) defined as follows:

(1) any sentence of Sy is also a sentence of S,, where S; is the sentence space
associated with the type t;

(2) for ¢ € S, 1,0 is a sentence of S,.

Our definition does not consider sentences of the form I,I,¢, and embedded
modal sentences (e.g., pAL,1). In our case, such sentences have no use. Therefore
we use only a subset of evidential reasoning theory.

The sentences indexing a leaf object are derived from the output of the indexing
process applied to the raw data of the object. We assume that such a set of sentences
has been identified for each leaf object.

Definition 3.2 (Set of identified sentences) We use the function ID : Leaf(O) —
0(St) to represent the set of identified sentences, where Leaf(O) is the set of leaf
objects in O.

3.1.2 Semantics

The semantics of the indexing of a leaf object is expressed by a possible worlds
approach. More precisely, it is defined upon the type structure associated with the
type of the object, and the modal space defined in the previous section.

Intuitively, what we would like to obtain is the following. Every sentence ¢ in
ID(0) or that is logically implied by sentences of ID(0) (the set ID"(0) below)
should index the object because it describes explicitly or implicitly the object con-
tent. The idea is that the modal sentence I,¢ will be true (in some possible worlds).
This is formally expressed in the following definition.

Definition 3.3 (Indexing structure) Let o € O where type(o) =t C T. The
indexing of the object o is modelled by an indexing structure F, = (Fy, S,, m,) where:

(1) F; = (Wy, S, v, ) is the type structure modelling the indexing vocabulary
associated with the type t;

(2) S, is the modal space for object o;
(8) o : Wy x S, — {true, false} where for ¢ € S; and w € W;:

o mo(w,d) = m(w,9);

o mo(w,1o¢) = m(w, ¢) if ¢ € 1D(0);

o 7, (w,1,¢) = m(w,v) if Y € ID™(0) such that 1 = ¢;
o 7,(w,1,0) = false in all other cases.

where ID" : Leaf(O) — ©(S:) is the transitive And-closure of the set of
identified sentences given by the function ID (Definition 3.2). ID" is defined
as follows. For any leaf object o € Leaf(O):
e T € ID"o).
e if ¢ € ID(0), then ¢ € ID"(0).
e if ¢ € ID"(0) and ¢' € ID"(0), and ¢ and @' are not incompatible, then
¢ N¢' € ID" o).

In the definition of 7,, we have four cases:
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(1) the truth value of a non-modal sentence is that given by m;

(2) the second case applies to modal sentences. The sentence 1 is in ID(o0) (it
is a sentence produced by the indexing process applied to the object). The
truth value of ¢ =I,% in a world w € W, is true (respectively false) if the
sentence ¢ is true (respectively false) in world w.

(3) the third case which also applies to modal sentences is more complex.

o first we define the set 1D”(0) which is the set of sentences that can be
constructed as (the consistent) conjunction of sentences in ID(0), the set
ID(o) itself, and T.

e we look at all sentences logically implied by sentences of ID"(0). Let ¢
be such a sentence where ¢ = ¢ for ¢ € ID"(0). The truth value of
¢ =I,p in a world w is that of ¥ in w.

This case models that every sentence implied by a sentence of ID(o) or the
compatible conjunction of sentences of ID(0) also indexes the object. For
instance, if wine and salmon are in I D(0), then the object is indexed by wine,
salmon AND wine A salmon. This is modelled by having in the worlds in
which the sentences wine and salmon are true, the modal sentence I,(wine A
salmon) true.

(4) we have false in all other cases.

We illustrate the above four cases with an example. Let the object o be of
type ta, where the indexing vocabulary associated with ¢4 is modelled by the type
structure Fy, defined in Section 2.1.3. Suppose that the outcome of the indexing
algorithm for o yields ID(o) = {a,b A —c}. Therefore:

a,bA-c,a ANbA—-c, T € ID"(o0)
We obtain for instance:
(1) Since 7 (wit,a A b) = true (see Table 1), then:

To(wit, a A b) = true

(2) Since m(ws',b A =c) = true and b A =¢ € ID(0), then:
To (Wi, I,(b A =¢)) = true
Since m;(wit,b A =c) = false, then:

To(wit, I,(b A =c)) = false

(3) Since a AbA —c € ID™(0), m(wi',a AbA—c) =true, and a AbA =c = aAb,
then:

me(wi, I, (a A b)) = true
Since b A ¢ € ID(0), ms(w4,b A —~c) = false, and b A —¢ = —c, then:
m (w3, I,—¢) = false
Finally, since T is in ID"(0), and T = T, then I, T is true in all worlds of

W;.
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(4) the sentence I,—a does not correspond to any of the first three cases of 7,. So
for all worlds w4 € Wy, , m,(w?,I,—a) = false.

The followings are axioms of evidential reasoning given in [10] that we re-
formulate in the context of this paper.

Definition 3.4 (Axioms) Let ¢,¢ € S; and w € Wy:

(A1) If1,¢ is true in w, then so is ¢;

(A2) If ¢ = 1 is true then so is I,¢ = I,1);

(A3) If ¢ is a tautology (sentence true in all worlds) then so is 1,¢.

Note that our definition of 7y satisfies the above axioms. I,¢ is true in a world
only if ¢ is true in that world (the reverse does not hold) (Axiom A1). Axiom A2 is
satisfied from the third case of the definition of m,. Axiom A3 is satisfied because
I, T is true in all worlds.

The definition of 7, enables us to differentiate between two leaf objects o and
o' for which ID(0) = {a Ab} and ID(0') = {a A b,a}. The indexing process applied
to o' produces two sentences, whereas, it produces one sentence when applied to
object o. Although we have a A b = a, the content of the two objects is different.
For object o, there is no explicit evidence regarding a. The representations of the
two objects must reflect this distinction. This means that, in at least one world
of Wy, the truth values of some sentences as given by m, must differ to their truth
values as given by 7. Two different indexing structures modelling the indexing of
the two objects should be obtained. We illustrate this with an example using the
type structure t 4 introduced in Section 2.1.3.

e For object 0: a A b is true in worlds w{! and ws' (see Table 1). Since a Ab €
ID(0), this means that I,(a A b) is true in w{* and w4'. Since a Ab = a holds,
and a A b € ID"(0), then I,a is true in worlds w{* and w4'. However, I,a is
not true in the other worlds because there is no ¢ € ID”(0) such that ¢ is
true in these worlds and ¢ = a. In all these other worlds, only I,¢ is true
where ¢ is a tautology, including T.

e For object o': as for the previous case, I(a A b) is true in w{* and w4, and
Iya is true wil, w4'. In addition, I,a is true in w4, wj because a € ID(0").
In all other worlds, only I,/ ¢ is true where ¢ is a tautology, including T.

3.1.3 Example

Suppose that for an object 0y of type t4, we have ID(o1) = {a,bA—c}, and that for
an object 0q of type tp, we have, ID(02) = {—a,d}. Using the type structure F;,
defined in Section 2.1.3 and the type structure F;, given in Section 2.2.3, the modal
sentences true in the worlds Wy, and W;, are as shown in Table 4. We only show
those sentences obtained from the second case of the definition of m,. The other
true modal sentences can be derived by applying the third case of the definition
of m,.

Let us consider the world wg'. In this world, the sentences —a, b and —c are true.
The sentence —a A b A —¢ (or the corresponding world wg') constitutes a possible
description of the content of an object of type t4 (the sentence is true in world wg').
For object 01 (of type t4), we want to express that from the available evidence, the
sentences a, b A —¢, any conjunction of these sentences, or every sentences logically
implied by the previously mentioned sentences contribute to the description of the
content of the object 0;. Since the sentence a is false in wg', and the sentences b
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worlds in Wy, L,¢ worlds in Wy, I,¢
wi L,a wP L,,d
wit I, a, I, (b A —c) wd I, T
wit L,a wh I, (—a),1,,d
wi L,a wh I,,(—a)
wg“ I, T
wgl Lo, ( A —|C)
w? I, T
wg“ I,, T

Table 4: Modal sentences true for object 0; and object o

and —¢ are true in wg‘, only the evidence with respect to the last two sentences can
be modelled. This is done by setting the truth values of I,,b, I,, —~c and I,,, (b A —c)
in wf to true. The truth values of other modal sentences are derived from the
application of Definition 3.3 and the axioms given in Definition 3.4. This example
shows the use of modal operators and the corresponding modal sentences.

For instance, for world wi' € W;,, I,,a and I, (b A —=c) are true because a and
b A —c are true in wy' and a,b A =¢ € ID(0;). In world w3', a and b A —c are false
(the latter because b is false), so neither I,,a nor I, (b A =c) is true in w4'. Only T
(and any tautology) is true in wr.

We can also derive that I,,(—a A d) is true in w2. This is because ma A d €
ID"(02), "aAd = —a Ad and —a A d is true in w?.

3.2 Modelling the uncertainty of the indexing

So far we have not mentioned the uncertainty inherent to the representation of
objects. The uncertainty is modelled by assigning weights to sentences of S; to
reflect how well they describe the object content.

We describe first which sentences of S; are weighted. These sentences, referred
to as weighted sentences, are defined upon the set of sentences ID”(0). Then, we
model the uncertainty itself. For a leaf object, this means defining a function rep-
resenting the weights. The weights are assumed to have been computed elsewhere.
We give an example of how this can be done in practice.

3.2.1 Weighted sentences

Some sentences of S; are assigned weights representing how accurate they are at
describing the object content. First, we must take into account that sentences can
be logically equivalent. When assigning weights to two sentences ¢ and ¥ of Sy, if
¢ & 1, the weight should be the same, and it should be assigned once. We therefore
partition the set S; into sets of logically equivalent sentences. We obtain a group
of equivalent classes, and only one sentence (the representative sentence) can be
assigned a weight*.

Definition 3.5 (Frame of discernment) For a given type t € T, the set of
equivalence classes with respect to < is called a frame of discernment, and is denoted
3.

Therefore, only sentences forming ®; can be weighted. These sentences are
determined upon the sentences forming ID”(0) via the notion of most specific sen-
tence.

4Such an approach is common in IR, for instance, where terms are stemmed into some base
forms [17], or a thesaurus is used to group synonyms together.
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Definition 3.6 (Most specific sentence) A sentence 1 € ®; is said to be the
most specific sentence for a world w € Wy iff for every sentence ¢ € ®;, 1,¢ is true
mw iff ¥ = ¢.

The function mss, : Wy — ®; yields the most specific sentence for a world in
Wy, for the object o.

As we will see later in this section, weights are assigned to most specific sen-
tences.

For any world w € W;, a most specific sentence always exists because it can
always be constructed as the conjunction of all sentences v; € ®; such that I,; is
true in w (from Definition 3.3).

Theorem 3.1 For any world w € Wy, its most specific sentence is unique.

Proof: Let w € W;. Suppose that w has two most specific sentences, ¢ and ¥
in ®; (ie., ¢ ¢ 1). Hence, for every sentence ¢ € ®;, I,p is true in w iff ¢ = ¢
and 9 = ¢. Since I,¢ and 1,7 are true in w (from being most specific sentences),
then either ¢ = ¥, ¥ = ¢, or ¢ & ¢. The latter case cannot arise since ¢ and %
are in ®; (since ¢ ¢ ). In either of the first two cases, either ¢ or 9 is not a most
specific sentence. Therefore the most specific sentence of a world is unique. OO

The most specific sentences are defined directly from the set D" (0) as shown
in the following theorem.

Theorem 3.2 Forw € Wy, mss,(w) = ¢ where ¢ is the longest sentence (in terms
of the number of conjuncts) in ID"(0) N ®; such that m,(w,1,¢) = true.

We take the intersection of ID”(0) and ®; because only sentences in ®; can be
weighted.

Proof: Let w € W;. Let ¢ be the longest sentence ID”(0) N &; such that
mo(w,I,0) = true. Therefore, for all sentences ¥ € ID”(0)N®; such that m,(w, 1) =
true, we have ¢ = 1. Therefore, ¢ is the most specific sentence for w. OO

For instance, for object o1, a AbA —c is the longest sentence in ID”(0) N ®; such
that I,,(a A b A —c) is true in wj' (see Table 4). Therefore, a A b A —c is the most
specific sentence of w4 for object o1; i.e. mss,, (w4) = a A b A —=c. We also obtain:

msso, (wit) = mss,, (w3') = mss,, (wi') = a
mss,, (wg) = b A —c
M8,y (W) = M8s,, (Wi') = mss,, (wg) =T

In practice, the use of most specific sentences can be interpreted as follows.
Suppose that the indexing process applied to an object produces two sentences
german and wine. The sentences german, wine, and german A wine can be shown
to be most specific for some worlds. This means that the object is about “german”,
“wine”, or both. Weights will be assigned then to german, wine, and also germanA
wine. The object will be relevant to any query about “wine”, “german”, or both
(“german and wine”). Suppose now that the indexing process produces only one
sentence german A wine. In this case, german A wine will be a most specific
sentence, but neither german or wine alone will. This means that the object is
about “german and wine”. In this case, a weight will be assigned to the sentence
german Awine, but not to german nor wine. The object is relevant to query asking
for “german and wine”. The object is also relevant to a query about “german” or
“wine” because germanAwine = german (a document about “german and wine” is
also about “german”) and german Awine = wine (a document about “german and
wine” is also about “wine”). However, the relevance is based on different evidence
than with the previous case.

The most specific sentences are sentences built upon I'D(o) for which there is
explicit evidence that they index the object. Weights will be assigned to them
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to capture how well they describe the content of the object. All other sentences
indexing the object are being so implicitly. No weight will be assigned to them.

In some cases, T is the most specific sentence for a world. This is because I, T
is the only modal sentence (except for tautology) true in that world. This models
ignorance, which is discussed in the next section.

We have defined the sentences to which weights are assigned. Next, we model
the weights themselves.

3.2.2 Mass function

Weights are assigned to sentences to model the uncertainty of the indexing. Fol-
lowing our previous work [4], this is expressed by a mass function defined upon the
indexing structure modelling the indexing of the object.

Definition 3.7 (Mass function) Let o € O whose indexing is modelled by the
indexing structure F, = (Fy,S,,m,). The uncertainty of the indexing is modelled by
a mass function m, : ®; — [0,1] such that:

E mo(d) =1 and m,(L)=0

PED,

m, represents the uncertainty inherent in the representation of the content of the
object o. For ¢ € ®;, m,(¢) is the belief based on explicit evidence that ¢ describes
appropriately the object content. The higher m,(¢#), the higher the sentence ¢ is
considered a good description of the object content. If m,(¢) = 0, then there is no
explicit evidence that the object o is about about ¢. There may be implicit evidence
that the object is about ¢. This happens if there exists a sentence ¢ € &, such that
m, (1)) > o and 1 = ¢. This can be captured by the belief function associated with
the mass function. Belief functions are used to express the relevance of objects to
queries, and are discussed in Section 6.

The value m,(T) can range from 0 to 1 and models ignorance, that is the
extent to which we do not know what the object o is about; this can be viewed
as the overall uncertainty of the indexing. The value m,(T) is referred to as the
uncommitted belief. We have two extreme cases, m,(T) = 1, expressing unknown
(we do not know what the object is about), and m,(T) = 0, expressing complete
knowledge (we know what the object is not about). The representation of ignorance
in IR modelling was discussed in [9, 18, 19].

The sentences that will be weighted (for which m, is non-null) are those forming
the set M SS(0) where MSS : O — p(P;) yields the set of most specific sentences
associated to the modelling of the indexing of an object in O. Formally:

MSS(o) = U{qS € &, there exists w € W, such that mss,(w) = ¢}

Therefore, for any ¢ € M SS(0), we have m,(¢) > 0 such that
Z mo(¢) =1
$€MSS(0)

It is easy to show that the above definition of mg leads to a mass function.

To recap, the most specific sentences are sentences indexing the object o based
on explicit evidence. Their weights reflect how well they index the object o (they
describe the object content).
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3.2.3 Construction of the mass function

For a leaf object o, the mass function m, is constructed from the output of the
indexing process applied to the raw data of o. This can be done using standard IR
weighting mechanisms but modified so that the mass function values add up to one
(see [9, 18, 20]). We illustrate this with an example.

Continuing with our example, the modelling of object o; involves four most
specific sentences:

MSS(o1) ={a,a ANbA-c,bA—c, T}

Suppose that the frequencies [21] of the two propositions a and b A —c are, respec-
tively, z and y, and the uncertainty of the indexing of object o; is z (the uncom-
mitted belief). Suppose also that frequency of the sentence a A b A —¢ is zy (this
value can be computed, for instance, from x and y as x * y when the distributions
are assumed independent). Then we can assign:

me(a) = z/N

me(aAbA —c) =zy/N

mo(b A —c) =y/N

mo(T) = 2/N
where N =x + y + zy + 2.

Note that modelling ignorance consists of assigning a weight to the true sen-
tence T.

Other estimations of x,y and zy can be done through more sophisticated ¢ f x idf
methods [21, 22], machine learning techniques [23] (thus including dependent distri-
butions) or via subjective assignment by manual indexers [19]. Also an estimation
of z can be done using residual belief (see [18, 24]). This, however, goes outside the
scope of this paper.

3.2.4 Example

Table 5 shows an example of the mass functions modelling the uncertainty of the
indexing for objects 01 and 02. The most specific sentences (the weighted sentences)
are shown in the second and fifth columns for the objects 01 and o2, respectively.
In the first and fourth columns, the worlds for which the sentences are most specific
(for object 01 and object 0z, respectively) are shown.

worlds in Wy, | MSS(o1) | my, | worldsin Wy, | MSS(02) | m,,
wit, wi, wi a 0.3 wP d 0.2
wi aANbA—c | 04 wP T 0.3
wit, wit, wg T 0.1 wh —aAd | 04
w§ bA—c 0.2 wh —-a 0.1

> seMSS(oy) Mor (¢) 1 26 MSS (o) Mo (9) 1

Table 5: Mass functions for objects 01 and o,

3.3 Summary

In this section, we presented the modelling of the representation of a leaf object: the
sentences indexing the object and the uncertainty associated with the indexing. We
have shown how the representation is formally expressed, first upon the indexing
structure formally modelling the indexing of the object, and then the mass function
formally capturing the uncertainty of the indexing.
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Next, we present how the content of a composite object is determined as an
aggregation operation performed on the representation of its component objects.

4 Modelling the representation of a composite ob-
ject: the aggregation

As for leaf objects, the content of a composite object is modelled by an indexing
structure and a mass function. For a leaf object, the indexing structure and the
mass function are constructed from the outcome of the indexing process, whereas,
for a composite object, they are constructed from the aggregation of the indexing
structures and the mass functions modelling the representation of its component
objects.

We present the modelling of the representation of a composite object in two
parts. First, we describe the aggregation of indexing structures which yields
the indexing structure modelling the indexing of the composite object. Then, we
present the aggregation of the mass functions which yields the mass function
formalising the uncertainty of the indexing of the composite object.

4.1 Aggregation of the indexing

Let the object 0 € O be composed of objects 0; and 02 where 01,02 € O and
type(o1) = t4 and type(os) = tp for t4,tg C T. Let t C T be the type of the
object o (type(o) = t). From Definition 2.2 of an aggregated type (see Section 2)
t=taUtB.

Let the type structures for ¢4 and ¢p be, respectively, Fy, = (St , Wy, , Ve, T, )
and Fy, = (Siz, Wis, Uiy, Tts)- The type structure Fy = (S;, Wy, vy, ) associated
with ¢ is given by Definition 2.11 of the aggregation of type structures (see Section
2.2).

The indexing structure modelling the indexing of the composite object o is de-
fined syntactically and semantically.

4.1.1 Syntax

Let the indexing structures for o; and o2 be, respectively, Fy,, = (Fi,, So,, 70, ) and
F,, = (Fiy,S0,,T0,). We denote I,, and I,, the modal operators associated with
objects 01 and os, respectively.

Let F, = (F}, S,,m,) be the indexing structure modelling the indexing of the
composite object 0. As for a leaf object, F, is defined syntactically upon a modal
space denoted S, and its modal operator denoted I,. The definition of the modal
space S, is identical to that of a leaf object (Definition3.1):

(1) any sentence of S; is also a sentence of S,; and

(2) for ¢ € S, I,¢ is a sentence of S,,.

4.1.2 Semantics

To give the semantics of the indexing structure F, = (F}, S,,7,), we must construct
the mapping m,. The construction of 7, reflects that the sentences indexing a
composite object are based on those indexing its component objects.
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Definition 4.1 (Construction of w,) Let m, : Wy x S, — {true, false}. For
€S, and w € Wy:

(7e(w, ¢) if € S;
true if @ =1, and there exist iy, € Sy, and Y2 € Siy,
respectively, such that 1,1, is true in w* and
Tro(w7 ¢) = < - - B A B _
To, 2 is true in w” for ®(w*,w”) =w and
Y1 Apy = s
| false otherwise.

The truth value of a non-modal sentence (a sentence in S;) is given by the
function 7 (as for the modelling of the indexing of leaf objects).

A modal sentence I, is true in a world w if there exist two sentences ; and
19, respectively, in Sy, and S, such that they index, respectively, objects 0; and
02 AND their conjunction implies 9. The worlds, respectively, in Wy, and Wy, in
which the sentences 1, and vy are true must be linked to w via &.

For example, suppose that the object o; is indexed by wine and the object o0,
is indexed by chardonnay. The composite object will be indexed by any sentence
logically implied by wine A chardonnay, including wine A chardonnay.

Definition 4.1 also implies that if a component object is indexed by sentence
¢, then ¢ also indexes the composite object. This is because I,, T is true in all
worlds (of Wy, and W;,). So for any sentence ¢ € S;, and ¥ € Si,, we have
Y1 AT = 91 and T Ay = 3. Therefore, if a component object is indexed by
wine, the composite object is also indexed by wine. This also comes from the fact
that I,(wine A chardonnay) = I,wine (Axiom A2).

We can give now the formal definition of the aggregation of indexing structures.

Definition 4.2 (Aggregation of indexing structures) Let o € O where type(o) =
t CT. The indexing structure F, = (F;,S,,m,) modelling the indexing of the com-
posite object o is defined as follows:

(1) F; is as given in Definition 2.11;
(2) S, is as given in Definition 3.1;

(8) m, is as given in Definition 4.1

4.1.3 Example

Applied to our example, the truth values assigned by 7, to modal sentences (sen-
tences indexing the composite object o) in the worlds forming W; (given in Table
3) are shown in Table 6, third column. The worlds wf € W;, and w? € W;,, such
that @(w;“,wf ) = w; for w; € W; are shown in the second column. The modal
sentences true in w;-“ and w}f leading to the modal sentences true in w; are shown
in the fourth and fifth columns. We only show the modal sentences that cannot be
derived from the logical implication in, respectively, Wy, W;, and W;,.

For instance, we have I,,a and I,, (b A —=c) true in w3, and I,,d true in w¥.
Therefore I,(a A d) and I,(b A =¢ A d) are true in ws.

We have I,,a true in wj' and I,, T true in w® so I,a is true in wsg.

We have seen how to construct the indexing structure modelling the indexing of a
composite object as an aggregation operation performed on the indexing structures
modelling the indexing of its component objects. The construction was general,
S0 it captures the cases where the indexing vocabularies of the component objects
are identical or different. Therefore, we can determine the indexing of a composite
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world w; | (w]', wy) Modal sentences Modal sentences | Modal sentences
in Wy true in w; true in w;-‘l true in wf
wy (wit, wP) and a d
wa (w3, wh) aANd,bA-cAd a,bA —c d
ws (w4, wP) and a d
wy (wgt, wP) and a d
ws (i, w3) a a T
we (wit, wd) a,bA—c a,bA—c T
wr (wit, wd) a a T
ws (wgt, wd) a a T
Wg (wi, wP) | bDA=cA-a,bA-cAd bA—c —a,d
wio (wg', wP) —a,d T —-a,d
w11 (wi, wd) -a,d T -a,d
wia (wgt, wd) —-a,d T —a,d
w13 (wit, wh) -a T —-a
w14 (wgt, wh) bA-cA-a bA-c -a
wis (wit, wd) -a T —a
w16 (wg, wP) —a T —a

Table 6: Example of the aggregation of indexing structures

object whether its component objects are or are not of the same type (medium,
site, or language). In the model developed in [4], only the first option was allowed.
The aggregation is also defined such that the informational relatedness of the in-
dexing vocabularies, and hence the elements indexing the objects, can be taken into
account.

Next, we present how the uncertainty of the indexing of the composite object is
determined.

4.2 Aggregation of the uncertainty

Modelling the uncertainty of the indexing of a composite object consists of comput-
ing the mass function for the composite object. We recall that the mass function
expresses, using weights, how the elements of the indexing vocabulary appropriately
describe the content of (index) an object.

In [4], the mass function of the composite object o is defined as the aggregation
of the mass functions of the components objects 0; and o2, as given by the Demp-
ster’s combination rule. The combination rule was both effective and efficient in
determining the representation of the composite object. As discussed in the intro-
duction of this paper, the rule can, however, only be applied if a uniform indexing
vocabulary is defined for all component objects. The combination rule as provided
by evidential reasoning is more general, because it can apply to objects indexed
by elements from different indexing vocabularies, that is objects of different types
(medium, site, or language).

In [10], a mass function is defined upon a probability function defined on an
algebra defined on the set of possible worlds. Let m, be the mass function for a
composite object 0. m, is defined in terms of a probability function Pr,, which is
itself defined in terms of second probability function Pr,. Pr, is the probability
function representing the uncertainty that objects o; and o, are indexed by a sen-
tence in ®;, and a sentence in ®;,, respectively. In other words, Pr, expresses the
uncertainty prior to the aggregation, whereas Pr, represents the uncertainty after
aggregation. It is the result of constraining probabilistic knowledge in Wy, x Wy, to
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those worlds that are possible after the aggregation (for details, the reader should
refer to [10]).

In this work, the representations of objects o; and o2 are independent. That
is, the indexing process applied to object o1 is done independently of that applied
to object 0. Such a scenario will be mostly the case for heterogeneous structured
documents®. If the representations of the two objects are not independent, then a
more complex formulation should be used to aggregate the uncertainty of the two
representations. This formulation can be found in [10]. In previous work, we used
the Dempster-Shafer’s theory of evidence (a special case of evidential reasoning)
to aggregate objects representations. We have carried out two sets of experiments,
one using standard test collections [9], and one using web documents [25]. In both,
assuming independence did not seem to degrade retrieval effectiveness. Neverthe-
less, in future work, we will investigate at both theoretical and experimental levels,
dependent objects representation (in particular to dead with video data).

With the independence assumption, the technical details describing the con-
struction of P}O which yields m, in terms of Pr, are not necessary for the under-
standing of this paper, and hence are omitted. Furthermore, the calculation of the
mass function associated with the composite object is straightforward.

However, it should be noted that evidential reasoning as developed in [10] allows
for the dependent case to be taken into account.

As for leaf object, first we determine the weighted sentences, the sentences
that are assigned weights, then the mass function itself.

4.2.1 Weighted sentences

As for leaf object, weighted sentences correspond to most specific sentences. The
definition of a most specific sentence in the worlds forming W, is the same as that
for leaf objects (see Definition 3.6).

We give next a theorem that relates most specific sentences of a composite object
to those of its component objects. Since we are assigning weights, we work with the
frame of discernment &,.

Theorem 4.1 A sentence ¢ € ®; is the most specific sentence for world w € Wy iff
there exist 2 € ®;, and ¢P € ®;,, each most specific sentence for world w* € Wy,
and wB € Wy, respectively, where w = ®(w?,w?) and ¢4 A ¢P & ¢.

Proof: Let ¢ € ®; be the most specific sentence for world w € W;. We show that
there exist ¢4 € ®;, and ¢® € ®;,, each most specific sentence for world w” € W,
and w? € Wy, respectively, such that w = ®(w?,w?) and ¢4 A ¢8 & 4.

Let w € W; such that w = ®(w?,w?). Let ¢ € &; such that I,¢ is true in w.
From Definition 4.1, it must be the case that we have two sentences ¢ € ®;, and
P € &, such that ¢A A pP = ¢ (in W), I,, ¢ is true in w4, and I,,¢® is true in
w?B. We also have I,¢# and I,¢® true in w. Suppose now that ¢ is the most specific
sentence in w. Therefore, it must be the case that ¢ = ¢4 (in W;) and ¢ = ¢°
(in W;). Thus, ¢ = ¢ A ¢P (in W;). We conclude that ¢ < ¢4 A ¢P (in Wy).
If $4 and ¢P are not most specific for w4 and w? respectively, then there exists
o € ®;, such that ¢ = ¢4 (in Wy,) and I,, #¢' is true in w?, and ¢F € &, such
that ¢ = ¢P (in Wy,) and 1,,¢F is true in wB. Therefore, I,, ¢4 and I,,¢F are
true in w. Then ¢g A ¢F = ¢4 A ¢P (in W;). As a result we have ¢ft A ¢F = ¢
(in W) but since ¢ is a most specific sentence for w then we have a contradiction.
Therefore ¢4 and ¢P must be most specific sentences in w? and w®, respectively.

5Independent representation of objects may not happen when the objects are related for in-
stance via a temporal relationship, such as in video data.
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We prove now the reverse. Let ¢4 € &;, and ¢P € ®&,,,, each most specific sen-
tence for world w” € W;, and wP € W,,, respectively, such that w = &(w?,w?)
and ¢4 A ¢F < ¢. We show that ¢ € ®; is the most specific sentence for world w.
Let w € Wy such that w = ®(w?, w?). Suppose that ¢4 € ®;, and ¢F € &, are
most specific sentences in w4 and w?, respectively such that ¢4 A ¢F < ¢. If ¢ is
not most specific for w , then there exists ¢ € ®; such that ¢g = ¢ (in W;) and
I,¢o is true in w. Therefore, pg = ¢4 A ¢B. Also there must exist two sentences
¢ € ®;, and ¢f € @, such that g5 A df = ¢ (in Wy), I,, ¢4 is true in w?,
and I,,¢f is true in w®. This implies that ¢j = ¢4 (in W;,) and ¢f = ¢ (in
Wi,). This contradicts the fact that ¢ and ¢® are most specific sentences in w*
and w?, respectively. Therefore, ¢ must be a most specific sentence. OO

4.2.2 Example

Applied to our example, the most specific sentences for the worlds in W; are given
in Table 7.

worlds in Wy | Most specific sentences
Wy, W3, Wy aNd
wWa aANbA—-cNd
w5, Wr, W a
We aAbA—c
Wy, W11, W12 —aAd
W1o bAcAN-aNnd
W13, W15, W16 -a
w14 bA—cA—a

Table 7: Most specific sentences for worlds in W;

For world wsy, we have I,(a A d) and I,(b A —c A d) true. Therefore, mss,(w2)
aAbA-cAd. We can see (from Table 5) that mss,(ws) = mss,, (ws) Amss,, (w
where mss,, (w3) = a AbA —c and mss,,(wP) = d, and ®(wi', wP) = ws.

=

4.2.3 Mass function

The aggregation of the mass functions modelling the uncertainty of the indexing
for the objects 0; and o yields the mass function of the composite object. This is
defined as follows.

Definition 4.3 (Aggregation of mass functions) Let m, be the mass function
associated with the composite object o € O. Let my,,m,, be the mass functions
associated with the component objects o1 € O and 02 € O, respectively. Let ®;, and

b, be the frames of discernment associated with the objects 01 and oz, respectively.
For ¢ € ®;:

mo(¢p) = K * Z Mo, (¢A) * Moy (¢B)
(¢4,08)€T(9)

where

(1) K=354,65)c0, , xa:, Mor (@) x Mo, (¢P), ensuring that m, is a mass func-
tion.

(2) The functionT : ®; — (P, X Py, ) maps every sentence ¢ in ®; to a subset of
sentence pairs (¢4, pP) with ¢4 € ®;, and ¢P € ®,,, such that p* ApP < ¢
m Wt.
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Given a sentence ¢ € ¥, if ¢ is a most specific sentence with respect to some
worlds of Wy, then its weight m,(¢) is computed upon the weights of pairs of
sentences ¢4 € &;, and ¢¥ € &;, such that ¢ A ¢P is logically equivalent to ¢.
Such pairs of sentences is given by the set T'(¢).

The above formula when given for ®;, = ®;, corresponds to the Dempster’s
combination formula [6].

For a leaf object, any most specific sentence has a non-null mass value. We show
that this also holds for a composite object.

Theorem 4.2 For any ¢ € MSS(0) (the set of most specific sentences for object
0), mo(9) > 0.

Proof: Let ¢ € MSS(0). Let w € Wy be such that ¢ is the most specific
sentence in w. From Theorem 4.1, there exits ¢4 € ®;, and ¢¥ € &, each
most specific sentence for world w4 and w®, respectively, where w = @ (w4, w?)
and ¢4 A ¢P & ¢. Therefore, (62, ¢P) € T(¢), and hence, m,, (¢?) * m,,(¢7)
contributes towards the value of m,(¢). Since ¢ and ¢P are most specific sentences,
by definition of the mass function for leaf objects (if 0; and oy are leaf objects),
mo, (¢) > 0 and m,, (¢P) > 0. Therefore, m,(¢) > 0. The proof can be done by
induction for the case where o; or o are not leaf objects. OO

4.2.4 Example

Applied to our working example, the mass function for the composite object is given
in Table 8. The weighted sentences were defined in Table 7:

MSS(o) ={aNd,aAbA—-cAd,a,aAbA-c,maNd,bAcA-aAd,—~a,bA-chA-a}

The calculation of the mass function is shown in the table, i.e., the pair of
sentences forming I'(¢) for ¢ € MSS(0) and the values of the mass functions for
these sentences. In our case, X = 0.63.

Most specific T0): | m0r (@) X m0a(97) | m0(9)
sentences ¢ for o (¢4, ¢PB)
and (a,d) 0.3 x 0.2 =0.06 | 0.096
aANbA-cAd (aNbA—c,d) 04 x 0.2 =10.08 0.126
a (a,T) 0.3 x03=018 | 0.285
aANbA-c (aAbA =, T) 04 x 0.3 =0.12 0.191
—and (T,—a Ad) 0.1 x 0.4=0.04 | 0.064
bA—-cA—-aAnd | (bA-c,—aAd) 0.2 x 0.4 = 0.08 0.126
—and (T,=aAd) 0.1 x 0.1 =0.04 | 0.064
-a (T,—a) 0.1 x 0.1 =001 | 0.016
bA—cA-a (b A —e,—a) 0.2 x 0.1 =0.02 0.032
26 MSS(0) Mo(P) 0.63 1

Table 8: Mass function for the composite object and its calculation

The values obtained for the mass function mg seem intuitive, although nothing
can be said about how effective they are at reflecting the uncertainty of the indexing
of the composite object. In our previous work [8, 9], we used the Dempster’s com-
bination rule to derive the values of the mass function for a composite object. Our
experiments showed that the rule led to a correct modelling of the uncertainty of
the indexing. We expect the combination rule as provided by evidential reasoning
to be as effective.
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4.3 Summary

In this section, we have modelled the representation of a composite object. The rep-
resentation was obtained as the aggregation of the representation of its components
objects. The aggregation was defined at two levels: the indexing and the uncer-
tainty of the indexing. This leads to a general model for heterogeneous structured
documents, where the component objects can be of different media, distributed over
several sites, or written in various languages.

5 Property of the aggregation

Efficient retrieval of heterogeneous structured documents is possible if we can min-
imise the number of objects in a structured document to be considered when calcu-
lating object relevance. One approach allowing this minimum search is to impose
the following property on the representation of the objects composing a structured
document: if a composite object is not relevant to the query, then none of its compo-
nent objects are relevant to the query. Therefore, there is no point in going further
down in the structure to seek for more relevant objects. This is referred to as fo-
cussed retrieval. Chiaramella et al [1] show that this property can be implemented
if the aggregation operation satisfies the so-called dependency constraint:

The representation of a composite object “implies” the representations
of its component objects.

In practice, this means that elements indexing the component objects are “im-

plied” by the elements indexing the composite object. For example, let 0; and o2
be two objects indexed by the sentences, respectively, wine and grape. If the object
o is composed of the objects 0; and 02, then its representation should “imply” both
wine and grape. In other words, the sentences wine and grape must be somewhat
present in the representation of o.

We show that in the model presented in this paper, the dependency constraint
holds if two assumptions are made. These are expressed in the following two propo-
sitions.

Proposition 5.1 For all worlds w* € W;, there exists a world w® € Wi, for

which we can create a world w € Wy such that w = &(w?,w?). For all worlds
w?B € Wy, there exists a world wh € Wi, for which we can create a world w € W,
such that w = ®(w,w?).

Proposition 5.1 can be interpreted as follows. We can always combine a sentence
of S;, to at least one sentence of S;,. This should be satisfied otherwise, we cannot
determine “completely” the representation of a composite object. If for a world
w? € W;,, we cannot found a compatible world w? € W;,,, then the sentences true
in w? may never be used to represent the content of the composite object. This
case should definitively not happen.

Proposition 5.2 Any most specific sentence has a non-null mass value value.

A most specific sentence is a sentence that is used to represent the content of the
object. Furthermore, it is a sentence for which a weight measuring its uncertainty
in indexing an object is attached.

In constructing the mass function for a leaf object, Proposition 5.2 is satisfied.
The most specific sentences are derived from the set of sentences yielded by the
indexing process applied to the leaf object, so they are (the most concise) sentences
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for which we have explicit evidence that they describe the content of the object.
Hence their mass values should indeed be non-null.

The fact that T is a most specific sentence indicates that there is some ignorance
about the content of the object. Therefore, if T is a most specific sentence, then its
mass value should also be non-null.

For a composite object, we have shown with Theorem 4.2 that all most spe-
cific sentences for the composite object have non-null mass values, thus satisfying
Proposition 5.2.

We show next that if Propositions 5.1 and 5.2 are satisfied, the dependency
constraint holds. This means that if a sentence ¢ indexes a component object, then
there exists a sentence ¢ that indexes the composite object such that 1 = ¢. This
is formally expressed in the following theorem.

Theorem 5.1 (Dependency constraint)

Let the indexing structures for o1 and os be, respectively, Fo, = (Fy,,So,,T0o,)
and F,, = (Fyy, S0y, To,)- Let F, = (Fy, S,,7,) be the indexing structure modelling
the indexing of the composite object o.

Let ®;, and @, be the frames of discernment associated with the objects o; and
05. Let ®; be the frame of discernment associated with the composite object o.

Let my,, ,m,, be the mass functions associated with the component objects o1 and
0o, respectively. Let m, be the mass function associated with the composite object
0.

(1) Letp € ®;, such that m,, (v)) > 0. Then there exists ¢ € ®; such that ¢ = 1
and my(¢) > 0.

(2) Letp € ¥, such that m,,(¢b) > 0. Then there exists ¢ € ®; such that ¢ = 1
and my(¢) > 0.

Proof: The proofs for parts (1) and (2) are the same. We only give the proof
for (1).

Let ¢p € ®;, such that m,, (¢») > 0. This means that ¢ € MSS(01). Let
wA € Wy, such that ¢ is true in w? (i.e. m,, (w?,1,,%) = true). From Proposition
5.1, there exists a world w? € Wi, such that ®(w?,w?) exists. Let ® (w4, w?) =
w € W;. From Definition 4.1, we must have I,% true in w. Let mss,,(w?) = ¢'.
We also have 1,9’ true in w (from Definition 4.1). That is, I,% and I, are both
true in w. Therefore, I,(¢ A4') is true in w (Definition 4.1). Let ¢ < ¢ A)'. That
is, there exists ¢ € Sy such that ¢ = .

What remains to be shown to prove Theorem 5.1 is that such ¢ is in M SS(o).
For this, it is sufficient to show that mss,(w) = ¢ = ¥ A ¢'. By construction,
both 1 and 1’ are most specific sentences for w4 and w®, respectively. Therefore,
from Proposition 5.2 and Theorem 4.1, the most specific sentence for w must be
WA, s0 ¢ is a most specific sentence. From Theorem 4.2, it must be the case that
mo(¢) > 0. OO

6 Retrieval

Given a structured document, retrieval must return to the user those objects (if they
exist) in the document that are most relevant to his or her information need. The
returned object may be a leaf (only that object concerns the query), a composite
object (all the components of that object concerns the query), the root object (the
whole document concerns the query). The returned objects are displayed to the
user, and then constitute access points from where the user can decide to browse
the structure if needed. An object being displayed to a user means that most of
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its component objects, direct or indirect are considered relevant to the information
need. The object is displayed to the user, with a summary of its content as computed
by the aggregation operator.

Consider a hypermedia system, such as the world-wide-web, in which documents
are hierarchically structured. Hypermedia documents and hyper-links would cor-
respond to objects and the containment relationship between objects, respectively.
For web documents, XML meta-data would provide information about the types
of the objects. Our model would allow to target the best access points (web doc-
uments) to the web site, who can then be browsed up or down by users. We have
implemented a subset of this model using text data only, the Dempster-Shafer’s
theory of evidence, and a web museum site [25]. We are currently pursuing a full
implementation of the model presented in this paper.

The retrieval process is very similar to that described in our previous work
[4, 8, 9, 25]. The main addition is the modelling of the query, since now objects
can be of different types. This is described in Section 6.1. The expression of
the relevance of an object to the query is described in Section 6.2. One main
asset of our approach is that retrieval can be focussed to those objects that are
composed of relevant objects. This is discussed in Section 6.3. Returning retrieving
objects independently of their structure is not sufficient [2]. Several objects may be
retrieved as answers to a query which belong to the same structured document. How
the relationships between retrieved objects are taken into account (thus reducing
cognitive overload) is discussed in Section 6.4.

6.1 Modelling a query

An information need, as phrased in a query, is represented as a sentence ¢q. The
question is to which sentence space the sentence ¢ belongs. To evaluate the rel-
evance of an object at any level in the structure, the sentence space must define
(syntactically) the indexing vocabulary that corresponds to the aggregation of all
indexing vocabularies. This is the indexing vocabulary associated with the aggre-
gated type defined over all the types in 7. The aggregated type can be viewed as
the type of a fictitious object composed of all root document objects. We refer to
this type as t:,p, and to the sentence space as Si,p. Therefore g € Si,p.

In practice, symbolising the indexing vocabulary associated with the type t;op
is not necessary, because, when the relevance of an object of type t is computed,
the query sentence is transformed to one that belongs to S;. The reason is that for
such an object, only sentences that can describe its content or the content of its
component objects can be used. For instance, seeking objects about “wine” should
be with respect to those objects that can be indexed by wine or by equivalent
sentences (e.g., vin).

We define a projection operator that transforms a sentence ¢ of Sy, to one of
S; where S; is the sentence space associated with a type t.

Definition 6.1 (Projection) Let t € T be a type and S; its associated sentence
space. The function II; : Siop — S¢ maps a sentence of Siop to a sentence of Sy as
follows (here ¢ and 1 are sentences of Siop, and p is a proposition of Piop):

(1) (¢ A1p) = Ti(p) ATLi(9);
(2) Ue(p V) = i(¢) V I ();
(3) T(—¢) = —I(9);
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(4) The final case is as follows:

p ifpe kR,
M;(p) =< ¢ if o €S and ¢ and p are informationally equivalent,
1 otherwise

Suppose that the user is looking for objects about “fish and wine”. The query
sentence is fish A wine which belongs to Si,p. Let 01 and o2 be two objects where
type(o1) = ta and type(o2) = tp. Suppose that the associated sentence spaces Si,
and S, contain the sentences fish A wine and fish, respectively. We assume that
there are no informationally equivalent sentences to wine in S;,. Therefore:

IL; , (fish A wine)
II;, (fish A wine)

fish A wine
1

The queries used to evaluate the relevance of the objects 0; and oy are fish A wine
and L, respectively. The use of L is appropriate because the object 0» cannot be
about “wine”, so it cannot be about “wine and fish”. If the original query was
fish V wine, then:

I, , (fish V wine) fish V wine
;. (fish V wine) = fish

The query sentence for object oy is fish. This is correct since the object can be
about “fish”, so it can be about “wine or fish”.

We discuss negation (i.e., [I;(—¢) = —II;(¢)). In IR, there are two interpretations
of negation: explicit and implicit. For an object to not be about for example “wine”,
explicit negation means that the object must be indexed by a sentence that logically
implies ~wine, whereas implicit negation means that the object is not indexed by
a sentence that implies “wine”, including the sentence “wine” (this is the closed-
world assumption). We use explicit negation in this work. The definition of II; is
compatible with this interpretation. For an object o € O of type t € T to not be
about “wine” (the query is ~wine), it must be the case that the object is indexed
by a sentence that logically implies —wine or the negation of a sentence equivalent
to wine. Formally, there must exist a world w € W; and a sentence ® € S; such
that ¢ = II;(~wine) (where II;(~wine) = —I;(wine)) and 7, (w,1,¢) = true. For
instance, if I;(wine) = vin (“vin” is the French word for “wine”), and the object
is indexed by —win (¢ is —win), then the object is not about “wine”.

6.2 Relevance of an object to an information need

Given the representation of a query, we describe next how to express the relevance
of an object to the query. In previous work [4], we use the belief function [6] of
the Dempster-Shafer theory of evidence for this purpose. The same function can be
used with a model based on evidential reasoning.

Definition 6.2 (Belief function) Let o € O be an object of type t € T and whose
indexing is modelled by the indexing structure F, = (F;,S,,m,) and let m, be its
associated mass function. Given a sentence ¢ € S, the total belief that the object
supports that sentence is modelled by the belief function Bel, : Sy — [0,1] defined
as follows:

Belo(9) = Y,  m()

Y=, EMSS(o)
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The quantity Bel(¢), if not null, indicates that the object contains information
that concerns ¢. This is because Bel,(¢) is based on the sentences that explicitly
index the object o (the most specific sentences of o, M SS(0)) and that support the
sentence ¢. It also takes into account the beliefs associated to their use; the higher
their beliefs, the higher the relevance. Also, the greater their number, the higher
the relevance. Belief functions are therefore used to evaluate the relevance of an
object to a query. The general definition is a s follows.

Definition 6.3 (Relevance of an object to a query) Let o € O be an object of
typet € T and whose indexing is modelled by the indexing structure F, = (F;,S,, 7o)
and let Bel, be its associated belief function. Given a query q € Siop, the relevance
of the object o to the query is given by the function Rel : O x Siop — [0,1] defined
as follows:

Rel(o,q) = Bel,(I1;(q))

IT; transforms the query sentence to one that can be evaluated with respect to
an object of type t.

For any two objects o and o', if Rel(o,q) < Rel(0’, q), the object o’ contains more
information pertinent to the query ¢ than does the object o, so is more relevant to
the query than o' is. Objects can then be ranked according to R.

We illustrate the use of the belief function to express object relevance with an
example using objects 0; and 02 whose mass functions are given in Table 5. We use
the following two queries: ¢; = a and g2 = bV d. Table 9 shows the transformation
of the query sentences to sentences of the sentence spaces S;, and Sy .

Queries ¢; | Iy, (¢;) | Hep(a:)
Q1 =qQ a a
@ =bvd | b d

Table 9: Transformation of queries

For query ¢s, the first disjunct b can be supported by an object of type t4
whereas the second disjunct d can be supported by an object of type tg. The
relevance of each object for the two queries is given in Table 10.

Queries g; | Rel(o1,q;) | Rel(oa,q;)
QL =a 0.8 0.3
g=bvd | 0.7 0.9

Table 10: Relevance values for objects o; and o,

The objects 01 and o0, are hence ranked for each query as shown in Table 11.

Queries Rank
qgq=a 01, 02
g2 =bVvVd | 03,01

Table 11: Ranking for object 0, and o0

Both objects are relevant to query ¢;. Object 01 is more relevant than is object
02 because the support for a by object o; is higher to the support for a by object 02.
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Both objects are relevant to query g2, object o; because of b and object 02 because
of 05. Object o2 is more relevant than is object 01 because the support for d by
object 0z is higher to the support for b by object o0;.

6.3 Focussed retrieval

We use the criterion of the dependency constraint discussed in Section 5 to limit
the number of objects to be considered in the retrieval process. We traverse the
structured document commencing from the root object. Let o be the object whose
relevance is being currently investigated. If the object is not relevant (there are
no sentences ¢ € MSS(0) such that ¢ logically implies the query sentence II;(q),
i.e., Rel(o,q) = Bel,(Il;(q)) = 0), then there are no objects composing o that
logically imply the query sentence. Therefore, there is no point traversing the
document structure further down. This strategy was extensively discussed in [1, 4]
and implemented in [9].

6.4 Displaying the most relevant objects

We know how to estimate the relevance of any object to a query. The next step is
to use the values obtained to determine among the relevant objects, which objects
should be displayed to the user, taking into account that the objects can be related.
We use the same approach developed in our previous work [9], the difference being
that now heterogeneous objects can be manipulated.

Let ¢ be a query. Let o1,...,0, be the objects composing a structured doc-
ument. For each object o;, Rel(o;,q) is the relevance of the object to the query
q. The most optimal access point for browsing is the object most relevant to the
information need as given by R (i.e., the object with the highest belief value). The
next optimal access point is the object with the next highest belief that is not the
descendant of any object with higher belief value. However, if one such object, let
us say o, is a descendant of any object already identified as optimal starting point,
then o is not an optimal starting point. If for two objects o and o' we have that
Rel(o,q) = Rel(d',q), the object deeper in the structure is considered first. This
strategy was successfully implemented in [9].

Let object o be composed of object 0; and 0. We consider the two queries given
in Section 6.2. The relevance values for the three objects 0,01 and 05 to the two
queries are shown in Table 12.

Queries ¢; | Rel(o1,q;) | Rel(o2,q:) | Rel(o,q;)
QG =a 0.8 0.3 0.698
@ =bvd | 0.7 0.9 0.731

Table 12: Relevance values for objects 0; and o0

The optimal access point for query ¢; and gy are objects 0; and 0o, respectively.
The relevance of object 02 to query ¢; comes from ignorance (m,,(T) = 0.3), so
it seems intuitive that the document should be accessed via object o, first. The
relevance of objects 0; and o0y is due to various sentences supported by the two
objects. The highest support comes from object 02, which hence constitutes the
document access point for browsing.

6.4.1 Summary

Based on the representation of the objects forming heterogeneous structured docu-
ments developed in the previous sections, our retrieval strategy is as follows:
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e the relevance of the query at any level in the structure is calculated;

e objects that are definitely not relevant are discarded early (focussed retrieval);
and

e the most optimal access points to the document are displayed to the user,
thus reducing cognitive overload.

7 Related work

Research with similar or complementary aims falls into three main areas: informa-
tion retrieval, hypertext and database.

The approaches developed in information retrieval can be classified into four
groups. The first group, which follows approaches most similar to ours is that of
[1], [26], [27] and [28]. They all propose model to retrieve documents that have
an underlying structure. Our work is an extension of Chiaramella et al’s model
[1] (the part dealing with content-based retrieval). We have added uncertainty to
their model. The main difference between our model and Roelleke’s model [26] is
the formalism used to express the model. Roelleke uses a four-valued logic with a
probabilistic approach. The representation of the content of an object is defined in
terms of an aggregation of the representation of the content of its component objects.
The work also supports multimedia and distributed structured documents. Myaeng
et al [27] use an inference network model that is applied to SGML documents. The
central idea is to represent SGML objects, of various granularities, in a network.
The degree to which an object, at any level, supports the query is calculated by
considering its component objects (probabilities are propagated along the network).
The model however does not build a representation of the content of an object
based on that of its component objects. In [28], the relevance value of an object is
computed as the combination of the relevance values of its component objects using
probability theory. The work was applied to distributed documents. Neither of the
models proposed in [26], [27], or [28] aims at providing focussed retrieval.

The second group of approaches uses passage retrieval which aims at retriev-
ing documents based on the most relevant part of a text document. [29] presents
an approach based on retrieval by fixed-length passage (a text window of 150-300
words in length). These can be compared against a query to obtain a series of scores
for overlapping passages. Ranking the documents by the highest-scoring passage
yielded significantly better results than retrieval by whole document score. How-
ever the most significant results in this work came from combining document-level
matching with passage-level matching information. Similar results were obtained
in [30]. [31] also demonstrated the utility of combining evidence from different
sections and, more importantly from different levels of structure (sentences, para-
graphs, etc). [32] proposed an alternative technique, TextTiling, that is capable of
retrieving documents by topical structure. TextTiling imposes a structure on full-
length documents by splitting them into coherent multi-paragraph segments that
represent subtopics in the documents. [32] examined various methods for ranking
documents based on subtopic structuring. None of the passage retrieval approaches
discusses the possibility of retrieving aggregated objects (other than the document
itself), that is, objects whose sub-objects are all relevant.

In the third group, data models representing the semantic structure of docu-
ments (e.g., title vs section) are developed [33, 34, 35]. For instance, Burkowski’s
data model [34] is expressed by an algebra. Retrieval is done via a query language
defined upon the data model. [34] allows, in addition, ranking of components. These
approaches are very specific to the content and the structure of documents. It is

32



then difficult to generalise them to deal with other aspects of structured documents
(e.g., returning aggregated objects, or non-text objects).

The fourth group of approaches dealing with structured documents aims at
constructing indexes that not only locate keywords in a text, but also structure data
(e.g., beginning and end of a section, or title). An example of such an approach is
described in [36]. For each keyword and structure data, a list of the locations of
their occurrence in the text documents is compiled. An expressive query language
is thus defined to search with respect to content and structure. This approach is
not intended for the retrieval of aggregated objects, and hence does not allow for
focussed retrieval.

Hypertext [37] is a medium for presenting related information units. Hence,
hypertext retrieval methods can be used to retrieve structured documents. The
work described by Frisse [38] illustrates how hypertext can be used to provide a
means of navigating through long, related texts. Frisse defines an hypertext query
processing mechanism which, given relevant objects, selects those objects to be
displayed to the user. The approach determines the optimal objects to be displayed
to a user. An optimal object is one most relevant to the information need and
in addition is an optimal starting point for browsing. The most optimal starting
point for browsing is the object most relevant to the information need as given by
the retrieval function. The next optimal starting point is the object with the next
highest relevance that is not the descendant of any object with higher relevance.
This approach takes into account the relationships between objects, thus attempting
to reduce cognitive overload. As in [28], the relevance of an object is based on the
relevance of its components objects. Our approach can be viewed as a means to
implement such a strategy. A main difference is that our approach computes the
relevance of an object to a query based on the representation of the objects. In
[38], relevance values are combined. As a result, the approach does not implement
focussed retrieval.

Research in the database area also deals with structured document retrieval. The
aim is to extend existing database technology to deal with structures. A particular
application of this work is text documents with an underlying structure specified by
a mark-up language such as SGML. An example of such an approach is that of [39)
who use object-oriented databases. The query language offers so-called containment
operators for matching attribute values. For example, they allow users to retrieve
component parts (a section, a chapter) that contain a particular set of keywords,
or that contain a sub-part that contains a particular set of keywords. Typical
for database query language, the underlying schema must be known by the user
formulating the query. To remedy this problem, path expressions can be used [39].
Database approaches, to be effective require an expressive query language, whereas
in IR, content-based retrieval is usually performed by submitting to the system a set
of keywords as a query. Also, none of them discuss the possibility of implementing
focussed retrieval.

The strength of our work, then, is that it provides a general framework for het-
erogeneous structured document retrieval that, as well as being media, site and lan-
guage independent, considers the relationships between retrieved document parts,
encapsulates the notions of aggregation and focussed retrieval, utilises the structure
of the document without extending the query language.

8 Conclusion
Heterogeneous structured documents are documents whose components can

be of different types: various media, located in a number of sites, or written in
several languages. Such documents are becoming increasingly more preponderant
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in todays information systems (e.g. web documents which contain text, images,
sounds, etc; digital libraries which consist of documents distributed among several
databases; multilingual documents such as those stored in the European Commis-
sion, etc.). Having document components of various types mean that different
indexing vocabularies are involved in representing the content of a document.
We need a model that can encompass the disparity of indexing vocabularies.

In this paper, we presented a formal model for representing heterogeneous struc-
tured documents based on evidential reasoning. We can model the following
aspects necessary for the representation of heterogeneous structured documents:

e the indexing vocabularies associated with document components;
e the representation of document components;

e the aggregation operation which determines the representation of composite
objects based on the representations of their component objects;

e the informational relatedness of the indexing vocabularies.

By being formal, the model can be used to study various properties inherent in
the representation of heterogeneous structured document; thus leading to more
effective representation and retrieval of heterogeneous structured documents. We
have already shown that one property, the dependency constraint, enables a focussed
retrieval of objects.

This paper does not present the final word in modelling the representation and
retrieval of heterogeneous structured documents. We have yet to investigate:

e how our model can be included in the more general model proposed by
Chiaramella et al [1] to provide for structure- and attribute-based retrieval
as well as content-based retrieval, and

e how our model can be effectively and efficiently implemented using knowledge
relating different indexing vocabularies.

However we believe that we have provided a credible, formal framework for
further investigations.
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Appendix: Overview of the notations

o set of objects

Leaf(O) set of leaf objects

T set of types

type : O — p(T) type of an object

P, proposition space associated with type ¢

Sy sentence space associated with type

W, set of possible worlds associated with type ¢

vy : Wi X Py — {true, false}  assigns a truth value to a proposition in a world
St : Wy x Sy — {true, false} assigns a truth value to a sentence in a world

Fy = (Sy, Wy, v, ) type structure associated with type ¢ (models indexing vocabulary)
= logical implication
& logical equivalence
G : Wi, X Wy, —» W, relates pair of worlds in W, x Wy, to created world in W,
I, modal operator for object o
S, modal space for object o
F, = (F};,S,,m,) indexing structure for object o (models object representation)
ID : Leaf(O) — p(St) sentences obtained from the indexing process for leaf objects
ID": Leaf(O) — p(S) sentences implied by sentences obtained from the
indexing process for leaf objects
P, frame of discernment associated with type ¢
mss, : Wy — &, most specific sentence for a world
MSS: 0 — p(®;) set of most specific sentences for an object
me = @ > [0, 1] mass function for object o
T:® (P, x Byy) sentence pairs in ®;, x ®;, whose conjunction is equivalent to sentence in ®;
IT; : Stop — St transforming a query sentence to a sentence in S;
Bel, : S — [0,1] belief function for object o
tiop top most type
Rel : O x Siop — [0,1] relevance of an object to a query
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