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Structured documents are composed of objects with a content and a logical structure.
The effective retrieval of structured documents requires models that provide for a content-
based retrieval of objects that takes into account their logical structure, so that the
relevance of an object is not solely based on its content, but also on the logical struc-
ture among objects. This paper proposes a formal model for representing structured
documents where the content of an object is viewed as the knowledge contained in that
object, and the logical structure among objects is capture by a process of knowledge
augmentation: the knowledge contained in an object is augmented with that of its struc-
turally related objects. The knowledge augmentation process takes into account the fact
that knowledge can be incomplete and become inconsistent.
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1. Introduction

With the widespread development of structured document repositories (e.g. CD-
ROM, the Internet and digital libraries) and the rapid adoption of the XML markup
language, there is more scope and need to exploit the structural knowledge of doc-
uments for the purpose of their retrieval.!»2:3,4:5,6,7

In this paper, we are concerned with structured documents composed of objects
with a content and a logical structure.®?'% These objects correspond to the docu-
ment components. The content refers to the content of objects. For example, the
content of an object can be described by a term “sailing”. The logical structure
refers to the way structured documents are organised. For example, a structured
document may be composed of objects such as sections and figures, which can them-
selves be composed of other objects (e.g. a section and it subsections). The root
object, which is unique, embodies the whole document. Atomic objects are docu-
ment components that are not composed of other components. All other objects
are referred to as inner objects.
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A number of approaches have been developed to specifically deal with struc-
tured document retrieval. They can be classified into three groups. Passage re-
trieval approaches aim at retrieving documents based on the most relevant pas-
sage(s) in documents.!!12:13 Data modelling approaches aim at developing data
models for representing and querying with respect to the content and structure
of documents.'*15:16 Aggregation-based approaches represent or estimate the rele-
vance of objects based on the aggregation of the representation or estimated rele-
vance of their own content and the representation or estimated relevance of their
structurally related objects.!0-3:17:18:19,20.5 AJ] three types of approaches have high-
lighted that considering structure and content knowledge can improve the retrieval
effectiveness of structured documents.

In this paper, we follow the aggregated-based approach to structured document
retrieval, which allows the retrieval of objects of varying granularity as a result
to a query.®21:18:20.22 That is, retrieved objects consist of entry points to a same
document: an entry to the root object when the entire document is estimated
relevant to a query, an entry to an atomic object when only that object is estimated
relevant to the query, or an entry to an inner object when that object and its
structurally related objects are estimated relevant to the query.

This paper proposes a formal model for representing structured documents that
allows the retrieval of objects of varying granularity! The model exploits the con-
tent and the logical structure among objects to arrive at a representation of the
structured document. The model developed in this paper is based on the work of
Chiaramella et al,®> where the basis of an aggregated-based approach to structured
document retrieval was proposed.

The content of an object is viewed as the knowledge contained in that object,
and the structure among objects is captured by a process of knowledge augmen-
tation: the knowledge contained in an object is augmented with the knowledge
contained in its structurally related objects. The knowledge augmentation process
is a combination of knowledge specifically defined to provide for a representation
of the object that is based on its own content and that of its structurally related
objects. For instance, a non-atomic object composed of an object about “sailing”
and a second object about “boat” can be considered as being about “sailing and
boat”. The knowledge contained in the non-atomic objects (its content description)
is augmented with that of its related objects. It is this representation that can then
be used to estimate the relevance of the object to a query. The estimate takes into
account that non-atomic objects are structurally related to other objects. In our
example, the non-atomic object should be ranked higher than its related objects for
a query about “sailing and boats”.

In this paper, we are concerned with the representation of structured documents,
in particular the knowledge augmentation process. Our proposed model formally

L This paper is an extended version of the paper entitled “Four-valued knowledge augmentation for
representing structured documents”, appearing in the 13th International Symposium on Method-
ologies for Intelligent Systems (ISMIS02), pp 158-166, Lyon, France, June 2002.
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expresses this process.

Our model formally takes into account the fact that knowledge can be incom-
plete and become inconsistent. Incompleteness is due to the fact that knowledge
that is not explicit in an object should not be considered false. For instance, an
object composed of one object about “sailing” and a second object where noth-
ing is said about “sailing” (incomplete description) should be considered as being
about “sailing”. Inconsistent arises when two objects upon which the augmentation
process is based contain knowledge that is contradictory. For example, an object
composed of one object about “sailing” and a second object about “not sailing”
should not be considered as being about “sailing” nor “not sailing” since there is
contradictory evidence.

The model is based on the definition of modal operators, referred to as knowledge
modal operators, one for each of the objects forming a structured document. The
knowledge modal operator associated with an object is used to model the knowledge
contained in the object, which can be of two types: content knowledge (i.e. propo-
sitions describing the information content of the object) and structural knowledge
(i-e. the fact that the object is structurally related to other objects). The semantics
of the knowledge modal operators is based on an interpretation structure and an
interpretation function defined upon four truth values, possible worlds, accessibility
relations and truth value assignment functions.?®?* Possible worlds and truth value
assignment functions reflect the knowledge contained in objects. The accessibility
relations captures structural relationships between objects. Four truth values are
used to capture incompleteness and inconsistency.??

The knowledge augmentation process is formalised through the definition of a
different set of modal operators, referred to as augmented knowledge modal oper-
ators, one for each of the objects forming a structured document. An augmented
knowledge operator is used to model the content knowledge of an object augmented
with that of its structurally related objects. The semantics of the augmented knowl-
edge modal operators is defined upon the interpretation structure and interpretation
function defining the semantics of the knowledge modal operators.

We also show that the knowledge augmentation process can be described using
the framework of Fagin et al,?* for modelling combination of knowledge. This is
achieved through the definition of G-world trees that formalise a graphical repre-
sentation of the set of possible worlds and accessibility relations associated with the
representation of objects. Special truth value assignment functions, referred to as
augmented truth value assignment functions, defined upon G-world trees are used to
characterise the augmented knowledge. We show that the two approaches are equiv-
alent, that is, the same representation of objects is obtained after the knowledge
augmentation process.

The outline of this paper is as follows. Section 2 describes the model for rep-
resenting content and structural knowledge of objects. Sections 3 and 4 present
the two approaches for describing the knowledge augmentation process. Section 5
shows that the two approaches are equivalent. Section 6 concludes and discusses
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future work.

2. Representing content and structural knowledge

The syntax? used to characterise the content and structural knowledge of a struc-
tured document is given in Figure 1. A structured document is described by a
program, which is a set of clauses where a clause is either a fact or a context. A
contezt consists of an object identified by an object name, in which a program is
nested. The object name in a context clause is referred to as a context name. We
use the context name “this” to refer to the context name associated with the global
program (i.e. representing the database of structured documents). The set of object
names is called C.

A fact is a proposition, or a proposition preceded by “not” or truth-list. We
call @ the set of propositions. truth-list represents the four truth values: “1” means
true, “0/1” means false, “0/0/1” means inconsistent, and “0/0/0/1” means un-
known. In this paper, “1 proposition” and “0/1 proposition” are the same as “propo-
sition” and “not proposition”, respectively. We use both “0/1” and “not” because
the proposed representation is currently being extended to allow for a probabilistic-
based representation of objects, thus capturing the uncertainty inherent to the in-
formation retrieval process.

program = clause | clause program

clause = fact | context

fact ::= proposition | 'not’ proposition | truth-list proposition
proposition := NAME

truth-list == ’'1’]°0/1|°0/0/1" | 0/0/0/1’

context = NAME ’[ program '’

NAME = [a-z][a-zA-Z0-9]*

Fig. 1. Syntax of programs

Let doc (e.g. a document) and sec (e.g. a section) be context names in C and
“sailing” be a proposition in ®. A context clause is called an atomic context clause
when it contains only facts, but no context clauses. For instance, “doc[sailing]”
is an atomic context clause and expresses that the content of the object modelled
by the context name doc is described by the proposition “sailing”. Otherwise, a
context clause is called a structured context clause. For instance, “doc[sec[sailing]]”
is a structured context clause and expresses that the object represented by doc is
composed of the object represented by sec, and the content of the object modelled
by sec is described by the proposition “sailing”. We refer to sec as a subcontext of

2This is not the full syntax. Our full formalism provides for the definitions of sentences built
upon the conjunction and disjunction of propositions/sentences, rules, queries, etc. Only the part
relevant to the knowledge augmentation process is described in this paper.
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doc, and doc as the supercontext of sec. A supercontext can have several subcon-
texts, whereas a subcontext has exactly one supercontext. Atomic context clauses
characterise atomic objects, whereas structured context clauses characterise non-
atomic objects (i.e. inner and root objects). Finally, a function sub : C — p(C)
yields the set of subcontexts of a supercontext for a given program.

Figure 2 is a commented example of a program (the comments appear after %).
The structured document is composed of two objects represented by the structured
context doc and the atomic context sec. doc is a subcontext of the global context,
denoted “this”, representing the whole database (e.g. the set of all structured
documents). sec is a subcontext of doc. The context sec has two propositions “not
boats” and “sailing”. Finally, sub(this) = {doc} and sub(doc) = {sec}.

doc[ % structured context
sec[ % atomic context
not boats % same as 0/1 boats
sailing % same as 1 sailing
] % end of context sec
] % end of context doc

Fig. 2. Example of a program

The semantics of programs is defined upon an interpretation structure denoted
M and an interpretation function denoted = that assigns truth values to programs,
clauses, contexts, facts and propositions. We consider contexts as “agents” that
possess knowledge concerning their content and their structure and use a Kripke
structure to define the semantics of programs. Different from their work, we use the
terminology “context” instead of “agent” and we consider four truth values. We
first define an interpretation structure with respect to a set of propositions ® and
a set of context names C.

Definition 1 (Interpretation structure M): An interpretation structure M
for a set ® of propositions and a set C of context names is a tuple M = (W, 7, R)
where

o W :={wy :d e C} U {wsot} is a finite set of possible worlds. For each
context name, a possible world is defined. The set includes the possible worlds
Wenis for the global context “this” and wg,: to model the access to the “this”
contert.

o 7: W — (® — {true,false, inconsistent, unknown}) is a function on W that
yields a truth value assignment for all world w in W, which is a function
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m(w) : & — {true, false, inconsistent, unknown} that assigns a truth value to
each proposition in ®, where the four truth values are defined as true:={t},
false:={f}, inconsistent:={t, f}, and unknown:={}.

e R := {Ry : d € C} is a finite set of binary relations on W, called acces-
sibility relations, one for each context name. For any supercontext d and
subcontext s, i.e. s € sub(d), {(wq,ws)} € Rs where Ry is the accessibility
relation associated to s, and wq and ws are the possible worlds associated with
d and s, respectively. We say that context s accesses or reaches world ws from
world wq. The accessibility relation for the global context “this” is defined as

Rinis == {(Wstot, Wenis) }

e The function R4(w) := {w'|(w,w’) € Ry} for w € W and Rq € R yields the
set of worlds that can be reached from world w by the context d.

Consider the program “doc[sec[sailing]]”. doc and sec are context names and
their respective possible worlds are wgo. and wge.. To represent that the proposi-
tion “sailing” appears within sec but neither in doc or the global context “this”,
the truth values assigned to sailing are as follows: 7(wse.)(sailing) = true,
T(Waoc) (sailing) = m(wyinis)(sailing) = m(wser)(sailing) = wunknown. unknown
captures incompleteness since it is not explicitly stated that sailing does not de-
scribe the content of doc and the global context. The logical structure is represented
through the accessibility relations Rsee = {(Wdoc, Wsee) }, Raoe = {(Wenis, Waoe) } and
Rinis = {(Wsiot, Wenis) }

The semantics of the content and structural knowledge of objects is based upon
considering context names as modal operators, referred to as knowledge modal oper-
ators. The atomic context clause “doc[sailing]” becomes interpreted as “doc knows
sailing” and captures the content knowledge of the corresponding object. The struc-
tured context clause “doc[sec[sailing]]” becomes interpreted as “doc knows that sec
knows sailing” and captures the structural knowledge of the object represented by
doc. With this interpretation in mind, we define the interpretation function = that
assigns truth values to propositions, facts, atomic and structured context clauses,
and programs with respect to the interpretation structure defined above.

Definition 2 (Interpretation function |=): Let M = (W, m,R) be a interpre-
tation structure as defined in Definition 1. Let ¢ be a proposition in ® and w a
world in W. Let d be a context name in C and Ry € R its corresponding accessi-
bility relation. Let s be a context name in C. The interpretation of facts is defined
as follows:

(Mw)Ely <= w(w)(p) = true
(M,w) E0/1¢ :<= 7(w)(p) = false
(M,w) =0/0/1¢ :<= =(w)(p) = inconsistent
(M,w) E0/0/0/1¢ :<= 7(w)(p) = unknown
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The interpretation of atomic context clauses is defined as follows:

(M,w) Ed[1¢] :<= VYuw' € Ry(w): (M,w')E=1¢
(M,w) Ed[0/1¢] :<= VYuw' € Ry(w): (M,w')E0/1¢
(M,w) £ d[0/0/1 ¢] : <= V'€ Ra(w): (M,uw') = 0/0/1 ¢
(M,w) Ed[0/0/0/1 ¢] :<= Vw' € Rq(w): (M,w") =0/0/0/1 ¢

The interpretation of structured context clauses is defined as follows:
(M,w) E d[s[fact]] :<= VYw' € Ry(w): (M,w') |= s[fact]

The interpretation of a program within a context d is defined as follows, where
program™ is the set of clauses given in the program:

(M,w) = d[program] <= Vclause € program® : (M, w) = d[clause]

An interpretation structure M is called a model of a program P iff this[P] is true in
all worlds with respect to M. We use “valid” for “true in all worlds”. The notation
M = this[P] reads “this[P] is valid”.

Returning to our example, for an interpretation M to be a model of the program
“this[doc[sec[sailing]]]”, we need to show that for all worlds w € W,

(M,w) [ this[doc[sec[sailing]]]

These worlds are wsjor, Wihis, Waoe and wsee- We have 7(w)(sailing) = true in
wsee and unknown in all other worlds. We start with wgr. For (M, wser) E
this[doc[sec[sailing]]] to hold, we must verify that (M, wspis) | doc[sec[sailing]]
holds since wyp;s is the only world accessible from wg,+ with respect to Ryp;s- For
(M, wenis) |= doc[sec[sailing]] to hold, we must verify that (M, wq,.) | sec[sailing]
holds, which holds if (M,wse.) = sailing, which is holding from the truth value
assignment function 7(wsee). In all other worlds wep;s, Waoe and wgec, the context
“this” cannot reach another world (i.e., through the accessibility relation Rip;s),
hence “this[doc[sec[sailing]]]” is true in these worlds. Consequently, M is a model
of the above program.

Two properties often associated to knowledge are (see the work of Fagin et al,2%)
the knowledge generalisation rule and the truth aziom of knowledge. The knowledge
generalisation rule states that knowledge present in all worlds is knowledge of all
contexts. Formally:

it M |= ¢ then M |= d[g]

where M | ¢ means that ¢ is true in all worlds (¢ is valid). If ¢ is valid,
then d knows it to be true in all worlds. Let M be a model of the program
“doc[sailing sec[boats]]” (i.e. M [= this[doc[sailing sec[boats]]]). From Definition 2,
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we have M = doclsailing]. Using the knowledge generalisation rule, we could de-
rive that M |= sec[doc[sailing]], which does not reflect the logical structure of the
program. To overcome this problem, we introduce the notion of context-validity for
structured context clauses:

M Ec dfsly]] <= M Ed[s[¢]] and s € sub(d)

A structured context is contezt-valid iff the structured context clause is valid and the
logical structure of the program is reflected. The context-valid programs constitute
a subset of the valid programs. The Definition 2 is extended as follows.

Definition 3 (Interpretation function | - Extended Definition): An inter-
pretation structure M is a model of a program iff all context clauses of the program
are valid and all structured context clauses are context-valid.

In the remainder of this paper, we use = to refer to a context-valid interpretation
function.

The truth axiom of knowledge states that a context can only “know” what is
true. Formally:

if (M, w) = d[p] then (M, w) |= ¢

Consider the program “doc[sailing]” and M as a model of this program. We
have then from Definition 1 a set of possible worlds W = {wgiot, Wipis, Waoc} and
the accessibility relations Ripis = {(Wsiot, Wenis)} and Rgoe = {(Wehis, Waoe)}, and
truth value assignments m(wqoc)(sailing) = true, m(wsor)(sailing) = unknown and
m(winis)(sailing) = unknown. It can be shown that by applying Definition 2
(M, wenis) | doc[sailing] although (M, whs) P~ sailing. Our knowledge modal
operators do not follow the truth axiom of knowledge?

This concludes our formalism (its syntax and semantics based on a Kripke struc-
ture) for representing the content and structural description of the objects forming
a structured document. Objects are viewed as agents, referred to as contexts in this
paper, that possess knowledge about their own content and their structure. The
formalism is next extended so that the knowledge of an object is augmented with
that of its structurally related objects.

3. Knowledge augmentation using modal operators

The semantics of programs as defined in the previous section formalises the content
and structural knowledge of objects. The present section describes the formalisation
of the knowledge augmentation process, necessary to allow for the retrieval of objects
at varying granularity.

3The truth axiom of knowledge is satisfied if the accessibility relations are reflexive. Our accessi-
bility relations are not reflexive from the way they are constructed (see Definition 1).
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Consider the program “doc[secl[sailing] sec2[boats]]”. A model for the program
is based on an interpretation structure M defined upon a set of possible worlds W =
{wslot; Wthisy Wdoc, Wsecl » wsec2}; the aCCGSSibﬂitY relations Rthis = {(wsloty wthis)};
Rioe = {(wthis;wdoc)}; Rseer = {(wdoc;wsecl)} and Rgeer = {(wdoc;wseCZ)}; and
the truth value assignments 7(wsec1)(sailing) = m(wgee2)(boats) = true, and un-
known in all other cases. Definition 2 yields (M, wy,0.) [ secl[sailing] and
(M,wga,.) [ sec2[boats] characterising the knowledge content of secl and sec2
(secl knows sailing and sec2 knows boats), and (M,wpis) | doc[secl[sailing]]
and (M, winis) [E doc[sec2][boats]] characterising the structural knowledge of doc
(doc knows that secl knows sailing and sec2 knows boats). Contexts secl and sec2
would be relevant to queries about “sailing” and “boats”, respectively, but none of
the contexts secl and sec2 would be relevant to a query about “sailing and boats”.
The supercontext doc should be relevant to such a query because it knows that
one of its subcontext contains sailing and the other contains boats. This could be
inferred if the knowledge content of doc is augmented with that of its subcontexts.

However, a knowledge augmentation process can lead to inconsistent knowledge.
Consider the program “doc[secl[sailing] sec2[not sailing boats]]”. Subcontext secl
knows sailing; subcontext sec2 knows the opposite. The example makes evident
that augmenting the content knowledge of doc by that of secl and sec2 leads to
inconsistent knowledge regarding the proposition “sailing”, since we have evidence
for true from secl and false from sec2. In the augmented context doc(secl,sec2),
“sailing” is therefore inconsistent.

To distinguish between the content knowledge of a context and its augmented
content knowledge, we introduce the terminology of augmented context as opposed
to basic context. Basic contexts are context names (e.g. doc, secl and sec2), whereas
augmented contexts consist of a supercontext name and a list (group) composed of
augmented contexts or basic contexts (e.g. doc(secl(secll),sec2)). A context clause
with only basic contexts is called a basic context clause (e.g. “doc[sailing]” is a basic
atomic context clause and “doc[sec[sailing]]” is a basic structured context clause).
A context clause with augmented contexts is called an augmented context clause
(e.g. “doc(secl,sec2)[sailing]”).

The knowledge augmentation process combines knowledge of a supercontext
with that of its subcontexts. Modal operators have been defined to formalise spe-
cific combination of knowledge; for example, common knowledge and distributed
knowledge.?* However, as discussed in previous work,'® these operators are not ap-
propriate for a combination of knowledge that arises from a knowledge augmentation
process. We therefore define other modal operators.

The first operator is the united knowledge modal operator denoted Ug, which is
used to represent the combined knowledge of a group of contexts G = (sl,...,sn)
referred to as a united contert. Here, we are aiming at capturing the combined
knowledge of a group of context, not the knowledge of an augmented context.
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Definition 4 (United knowledge operator Ug): Let M = (W,n,R) be an
interpretation structure defined upon a set ® of propositions and a set C of context
names. Let w be a world in W, ¢ a proposition in ®, and G a united context

from C.

(M,w) EUg[l ¢] <= Fs€G:(M,w)Es[l¢] and
Vs € G: ((M,w) = sl ¢] or (M,w) [=5s[0/0/0/1 ¢])
(M,w) EUg[0/1 ¢] <= Ise€G:(M,w)E=s[0/1¢] and
Vs € G: ((M,w) =5s[0/1 ¢] or (M,w) =s[0/0/0/1 ¢])
(M,w) EUg[0/0/1 ¢] <= (Is€G:(M,w)E=s[l¢]and
s e G: (M,w) E=s[0/1 ¢]) or
IseG: (M,w) =s[0/0/1 ¢]
(M,w) EUg[0/0/0/1 ¢] <= Vs€G:(M,w)=s[0/0/0/1 ¢]

The proposition ¢ is true in a united context G iff there exists a context s in G
that knows ¢ to be true and all contexts know ¢ to be true or unknown. The
definition for false is analogous. The proposition ¢ is inconsistent iff there exist
contexts that know ¢ to be true and false, or there exists a context in GG that knows
© to be inconsistent. The proposition ¢ is unknown iff all contexts in G know ¢ to
be unknown. For our example, we would obtain (M, wq,.) E U( ) [boats],
(M, waoc) E Ulsecl sec2) [sailing].

We define now the knowledge of augmented contexts through the introduction
of an augmented knowledge modal operator A where dG is an augmented context
(d is the supercontext and G is the united context formed with the subcontexts of
d, i.e. G =(si: si € sub(d))). The knowledge of the united context is combined with
the knowledge of the supercontext. The augmented knowledge modal operator is
therefore defined upon the united knowledge modal operator.

secl,sec2

Definition 5 (Augmented knowledge operator Ay.): Let M = (W,n,R)
be an interpretation structure defined upon a set ® of propositions and a set C of
context names. Let w be a world in W, ¢ a proposition in ®, d, sl, ..., sn contexts
in C such that sub(d) = {sl,...,sn}, and Ry the accessibility relation in R associated
with the supercontext d.

(M, w) = Ad(sl,. ..,S1) [1¢]: =
(M, w) k= d[1 ] and
Vu' € Rg(w) : (M,w") U(sl,. ) [1¢]or (M,w) E U(sl,. ) [0/0/0/1 ¢])) or

(M, w) = d0/0/0/1 ¢]) and
V' € Ra(w) : (M,w) E Uy gyl #])
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(M w) E Agqsa,. . sn)0/1 9] =
(M, w) = d[0/1 ¢] and
Vw' € Ra(w) : (M, w') | Uy ny[0/1 @] or (M, w') f= Uiy n)[0/0/0/1 ¢])) or
((M, w) = d[0/0/0/1 ¢]) and
V' € Ra(w) : (M, w') EUggy ) [0/1 ¢])

(M) = Ager, . on0/0/1 4 =
(M, w) |= d[0/0/1 ¢] or
Yuw' € Ry(w) : (M,w') | Ust,. . .sn)[0/0/1 ¢]) or
(M, w) = d[1 ] and
Vu' € Ra(w) : (M,w') U(sl,. 1) [0/1 ¢]) or
(M, w) = d[0/1 ] and
Vu' € Rg(w) : (M,w') E Ulst,. . .sn) [1 ¢])

(M, w) Ad(sl,. . .,sn)[O/O/O/1 gl =
(M,w) =d[0/0/0/1 ¢] and
Vw' € Ra(w) : (M,w") = U(sl,. . .7sn)[0/0/0/1 7

The proposition ¢ is true in an augmented context d(sl,...,sn) iff (i) ¢ is true
in the supercontext d and the united context (sl,...,sn) gives evidence for true
or unknown, (ii) ¢ is unknown in the supercontext and the united context gives
evidence for true. The definition for false is analogous. The proposition ¢ is in-
consistent in d(sl,...;sn) iff (i) ¢ is inconsistent in the supercontext or the united
context gives evidence for inconsistent, (ii) ¢ is true (false) in the supercontext and
the united context gives evidence for false (true). The proposition ¢ is unknown
in d(sl,...,sn) iff ¢ is unknown in the supercontext and the united context gives
evidence for unknown.

Applying Definition 5 to our program “doc[secl[sailing] sec2[boats]]”, we obtain
(M, winis) Adoc(secl,sec?) [sailing] and (M, wenis) = Adoc(secl,secZ) [boats]
because (M, wqo.) = Us1,52) [sailing], (M, waoc) = Uls1,82) [boats]. By augment-
ing the content knowledge of doc by that of its subcontexts secl and sec2, we arrive
at a representation of the object represented by the context name doc that can be
assessed relevant to a query about “sailing and boats”.

The definitions of the united and augmented knowledge modal operators allow
the propagation of inconsistent knowledge. Inconsistency in a subcontext of a group
is propagated to the united knowledge of the group, and inconsistency in the su-
percontext or the group of an augmented context leads to inconsistent knowledge
in the augmented context. For example, a proceedings (the supercontext) may con-
tain two documents (the subcontexts) that contradict each other. The augmented
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knowledge of the supercontext is inconsistent. Combining this proceedings with
another (e.g. to form a digital library) preserves this inconsistency.

4. Knowledge augmentation using truth value assignment functions

In the previous section, the knowledge augmentation process was defined through
the introduction of modal operators. We defined two modal operators for represent-
ing united knowledge and augmented knowledge. The semantics of the knowledge
modal operators is based on an interpretation structure defined upon a set of pos-
sible worlds, truth value assignment functions and accessibility relations. In this
section, we define the knowledge augmentation process based on a graphical rep-
resentation of worlds and accessibility relations formalised through the notions of
G-world-trees. This follows the approach adopted by Fagin et al, 2* where combi-
nation of knowledge was defined upon the notion of “G-reachability”. Two truth
value assignment functions are defined upon G-world trees to characterise united
knowledge and augmented knowledge.

The logical structure of a non-atomic object can be described as trees, referred
to as G-world-trees. These tree structures are also reflected in the way possible
worlds and accessibility relations are defined with respect to contexts.

An empty united context is denoted “()”, and for a context name s in C, s is
treated as augmented context with an empty united context (e.g. s is the same

as s()).

Definition 6 (G-world-trees): Let M = (W, 7, R) be an interpretation structure
defined upon a set ® of propositions and a set C of context names. Let d be a context
in C with accessibility relation Ry in R. Let w and wo be worlds in W. Let G,
be the united context (sl,...sn) and let G,+1 be the united context (sl,...sn+1),
for s, ..., sn+1 in C. The set of G-world-trees associated with a united context is
defined inductively as follows:

trees(w, Gpy1) = {(w, S)|3Sy, t : (w, Sy) € trees(w,Gy) A
t € trees(w,sn+1) A S =S, U{t}}

A tuple (w,S) is a G-world-tree of a world w and a united context G,41 if there
exists a set Sy, such that (w,Sy) is a G-world-tree of the world w and the united
contezxt G, there exists a G-world-tree t of the world w and the context sn+1, and
S=5,U{t}.

The G world-tree of a world w and an empty united context () is (w,{}).

The set of trees associated with an augmented context is defined inductively as:

trees(wo,dG) := {(w, S)|w € Rq(wo) A (w, S) € trees(w,G)}

A tuple (w,S) is a G-world-tree of a world wy and an augmented context dG if
w € Ry(woy) and (w,S) is a G-world-tree of the world w and the united context G.
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Using our example program “doc[secl[sailing] sec2[boats]]” and the interpreta-
tion structure obtained in Section 3, we obtain the following G-world trees:

trees(Wseet, () = {(Wseer,{})}
trees(waoc,secl) = {(w,S)|w € Ryect (Waoe) N (w, S) € trees(w, ()}
{(wsee1,{})}
trees(waoe, (sec1)) = {(Waoc, S)|FSn,t 1 (Waoe, Sn) € trees(waoe, () A

t € trees(Wgoe,secl) A S =S, U{t}}

= {(wdoc, {(wsecla {})})}

trees(Wyoe, (secl,sec2)) = {(Wdoe, S)|TSn,t : (Waoe, Sn) € trees(wqoe, (secl)) A
t € trees(Waoe,sec2) A S = S, U{t}}

= {(Wdoe, (Wsee1,{}), (Wsee2, {})) }

trees(Wipis, doc(secl,sec2)) = {(w,S)|w € Raoe(Winis) A (w, S) € trees(w, (secl,sec2))}

= {(Wdoe, (Wsee1,{}); (Wsee2,{})) }

The G-world tree of an augmented context d(sl,...,sn) formalises the accessi-
bility of possible worlds associated with the subcontexts si from the possible world
associated with the context d, and for each si, the accessibility of the possible worlds
associated with the subcontexts of the si from the possible world associated with
the context si, etc. This reflects the logical structure among d, its subcontexts si,
the subcontexts of si, etc. We call T the set of G-world trees associated with an
interpretation structure M.

The next step is to define truth value assignment functions with respect to G-
world trees to capture the logical structure among the contexts. First we define the
truth value value assignment function, referred to as united truth value assignment
function associated with a united context to model the united knowledge of the
united context. Here, the definition of the four truth values as sets (see Definition 1)
is exploited to arrive at the united truth value.

Definition 7 (United truth value assignment function ny): Let M =
(W, m,R) be an interpretation structure defined upon a set ® of propositions and
a set C of context names. Let T the set of G-world trees associated with M. Let
(w, S) be a G-world-tree in T of world w € W and a united context G from C. The
united truth value function 7y : T — (® — {true, false, inconsistent, unknown})
of a G-world-tree (w,S) is defined as the union of the truth value functions w(w'")
where the worlds w' are the roots of the subtrees (w',{}) in the set S. Formally, for
all proposition ¢ in ®:

m((w,$))p) = |J 7@)p)
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For an empty set S, the united truth value oy ((w,{}))(p) := unknown.

Consider the united truth value of the united context (secl,sec2). Given the ac-
cessibility relations Rsee1 = {(Waoe, Wsee1)} and Rsecz = {(Waoe, Wsee2)}, we obtain
for instance® :

U ((Waoe, {(Wseet, {}), (Wsee2, {}) })) (sailing) =
T(Wseer ) (sailing) U m(wsee2 ) (sailing) =
true U unknown =

true

This means that with respect to the logical structure between secl and sec2, the
united truth value of sailing in wg,. is true.

We define now the truth value assignment function, referred to as augmented
truth value assignment function, associated with an augmented context to model its
augmented knowledge. Analogously to united truth value, the function is defined
upon G-world-trees thus capturing the logical structure between the contexts, and
the definition of the four truth values as sets is again exploited to arrive at the
augmented truth value.

Definition 8 (Augmented truth value assignment function 74): Let M =
(W, m,R) be an interpretation structure defined upon a set ® of propositions and
a set C of context names. Let T the set of G-world trees associated with M. Let
d be a context in C and G a united context in C. Let (w,S) be a G-world-tree
in T of world wg in W and the augmented context dG. The augmented truth
value function w4 : T — (® — {true, false, inconsistent, unknown}) of ¢ G-world-
tree (w, S) is defined as the union of the truth value function w(w) of world w and
the united truth value function 7y ((w, S)) of the G-world-tree (w, S). Formally, for
all p in ®:

ma((w,5)(@) = w(w)(p) Urr((w,S))(p)

Consider the G-world-tree S = (wWaoe,{ (Wsee1,{}), (Wsee2,{})}) for the world
wehis and the augmented context doc(secl,sec2). We obtain for instance

7A((Waoc, S))(sailing) =

T (waoe) (sailing) U my ((waee, S)) (sailing) =

T(Waoc) (sailing) U m(wsee1 ) (sailing) U m(wseez ) (sailing) =
unknown U true U unknown =

true

4We recall that true = {t} and unknown = {} so true U unknown = {t} U{} = {t} = true.
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World wg,. is associated with the context doc. For the basic context doc, sailing is
unknown in wq,., whereas, for the augmented context doc(secl,sec2), sailing is true
in wyee, thus modelling augmented knowledge.

5. Equivalence of the two approaches

Sections 3 and 4 present two approaches that formalise the knowledge augmenta-
tion process. The two approaches are based on different formalisations of united
knowledge (Definitions 4 and 7) and augmented knowledge (Definitions 5 and 8).
In the present section, we formally show that the two approaches are equivalent,
that is, they lead to the same knowledge augmentation process. First, we show that
the definitions of united truth value assignment function (Definition 7) and united
knowledge modal operator (Definition 4) lead to the same truth value assignment
to a proposition in a united context. We only provide the proof for the truth value
true.

Theorem 1 (United knowledge): Let M = (W,m,R) be an interpretation
structure defined upon a set ® of propositions and a set C of context names. Let T
the set of G-world trees associated with M. In a world w € W, a proposition p € ®
is true in a united context G iff for each tree (w,S) of world w and united context G,
the united truth value equals true. Formally V' s in G : Rs(w) # {}:

(M,w) EUgly] <= Y(w,S) € trees(w,G) : my((w, S))(p) = true

We prove the theorem by contradiction and induction over united contexts.

Proof: Let G be (sl), i.e. a united context with one context. Assume that
there exists a tree (w,S) for the world w and the united context (s1) such that
Tu((w,S))(p) # true. According to Definition 7, J,/ )es T(w')(p) # true. Ac-
cording to Definition 6 (G-world-tree), for a united context with one context, we
obtain:

trees(w, (s1)) = {(w,S)|3t:t € trees(w,s1) A S = {t}}
trees(w,s1) = {(w',{})|w' € Rs1(w)}

The set S contains one tree (w', {}), w’ € Rs1(w). Since U, 11)es T(w')(9) # true,
there exists a world w' such that w' € R, (w) and the truth value w(w')(p) # true.
According to Definition 2, s1[p] is not true in world w. According to Definition 4,
Ustyle] is not true in world w.

We prove now the reverse. Assume that Ug1)[¢] is not true in world w. Accord-
ing to definition 4 (united knowledge), s1[p] is not true in world w. According to
Definition 2 (interpretation function), there exists a world w' such that w’ € Ry, (w)
and the truth value w(w')(y) # true. According to Definition 6 (G-world-tree), for
a united context with one context, we obtain:

trees(w, (s1)) = {(w,S)|3t:t € trees(w,s1) A S = {t}}
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trees(w,s1) = {(w',{})w' € Ry (w)}

The set S contains one tree (w',{}), w' € Rs (w). Since there exists a world w'
such that w' € R,, (w) and the truth value 7(w')(p) # true, U, (1)es T(w') (@) #
true. According to Definition 7 (united truth value), there exists a tree (w, S) for
the world w and the united context (s1) such that 7y ((w, S))(p) # true.

Assume that the theorem holds for a united context G, with n contexts.

(M,w) EUg,l¢] <= Y(w,S) € trees(w,G,) : muv((w,S))(p) = true
Adding one context sn+1 leads to the united context G,+1, and we prove:
(M,w) EUg,,.[¢] <= V(w,S) € trees(w,Gpi1) : mu((w,S))(@) = true

Assume that there exists a tree (w, S) for the world w and the united context G 41
such that 7y ((w, S))(p) # true. From Definition 6 (G-world-tree), we obtain the
G-world-trees of the united context (,, and context sn-+1.

(w,S) € trees(w,Gpi1) <
(w, Sp) € trees(w,Gp) At € trees(w,sn+1) A S = S, U {t}

According to Definition 7, (7 ((w, Sp)) U mu((w, {t})))(v) # true since the united
truth value 7y ((w, S))(p) # true. From Definition 4 (united knowledge), we obtain
that for Ug,, [¢] being true, ¢ is neither true nor unknown in (sn+1), and for ¢ being
unknown in G, ¢ is not true in (sn+1). Thus, Ug, ., [¢] is not true in world w.

Assume that Ug, ., [¢] is not true in world w. From Definition 4 (united knowl-
edge), we obtain that for Ug, [¢] being true, ¢ is neither true nor unknown in
(sn+1), and for ¢ being unknown in G,,, ¢ is not true in (sn+1). From Definition 6
(G-world-tree), we obtain the G-world-trees of the united context G, and context
sn+1.

(w, S) € trees(w, Gpy1) <=
(w, Sp) € trees(w,Gy) At € trees(w,sn+1) AS = S, U {t}

According to Definition 7, the united truth value ny((w,S))(¢) # true, since
(ry((w, Sp)) U mu((w, {t})))(¢) # true. Thus, there exists a tree (w,S) for the
world w and the united context G,+1 such that 7y ((w,S))(p) # true. O

We have shown the equivalence between the united knowledge modal operator
(Definition 4) and the united truth value assignment function (Definition 7). We
turn now to augmented knowledge, where we show that the definitions of the aug-
mented truth value assignment (Definition 8) and the augmented knowledge modal
operator (Definition 5) lead to the same truth value of a proposition in an aug-
mented context. As for united knowledge, we prove the equivalence for the truth
value true only.

Theorem 2 (Augmented knowledge): Let M = (W, 7w, R) be an interpreta-
tion structure defined upon a set ® of propositions and a set C of context names. Let
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T the set of G-world trees associated with M. In a world wy in W, a proposition ¢
in ® is true in an augmented context dG iff for each tree (w,S) of world wy and
an augmented context dG, the augmented truth value equals true.

(M,wo) EdG[y] <= VY(w,S) € trees(wo, dG) : ma((w, S))(p) = true

We prove the theorem by contradiction for an augmented context dG.

Proof: Assume that there exists a tree (w, S) € trees(wg, dG) for the world wy and
the augmented context dG such 74 ((w,S))(p) # true. According to Definition 8
(augmented truth value), (7(w)Ury ((w, S)))(p) # true. It follows that if 7(w)(p) =
true, then 7y ((w, S)))(p) is neither true nor unknown, and if w(w)(p) = unknown,
then my ((w, S))(p) # true. The same applies analogously for switched roles of 7(w)
and 7y ((w, S)). It follows that if ¢ is true in d for world wy ((M,we) = d[1 ¢]),
then there exists w € Rg(wp) such that ¢ is neither true nor unknown in the
united context G for world w, and if ¢ is unknown in d for world wo ((M,wo)
d[0/0/0/1¢]), then there exists w € Rq(wo) such that Ug[y] is not true in world w.
The same applies analogously for switched roles of d[¢] and Ug[p]. Thus, dGy] is
not true in world wy.

Assume that dGy] is not true in world wy. According to Definition 5 (aug-
mented knowledge), if ¢ is true in d for world wo ((M,wp) = d[1 ¢]), then there
exists w € R4(wp) such that ¢ is neither true nor unknown in the united context G
for world w, and if ¢ is wnknown in d for world wy ((M,we) E d[0/0/0/1¢]),
then there exists w € Rq(wo) such that Ug[y] is not true in world w. The same
applies analogously for switched roles of d[¢] and Ug[p]. It follows that if for all
w € Rg(wo), m(w)(p) = true, then there exists a tree (w, S) for the united context G
such that w € R4(wp) and 7y ((w, S)) () is neither true nor unknown, and if for all
w € Ry(wo), m(w)(p) = unknown, then there exists a tree (w, S) for the united con-
text G such that 7y ((w, S))(¢) # true. The same applies analogously for switched
roles of 7(w) and 7y ((w,S)). It follows that there exists a world w € Rg(wo) such
that (7(w)Ury ((w, S)))(¢) # true. Thus, there exists a tree (w, S) € trees(wo, dG)
for the world wo and the augmented context dG such 74 ((w,S))(p) # true. O

The section shows, via (a sample of) its proofs, that our first formalism (Sec-
tion 3) is compatible with the well-known framework defined by Fagin et al,?* for
modelling the combination of knowledge (Section 4).

6. Conclusion and future work

This paper describes a formal model for representing the content and logical struc-
ture of structured documents for the purpose of their retrieval. To obtain a repre-
sentation that allows for the retrieval of objects of varying granularity, the content
of an object is viewed as the knowledge contained in that object, and the structure
among objects is captured by a process of knowledge augmentation, which leads
to a representation of the object that is based on its own content and that of its
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structurally related objects.

The model is based on a Kripke structure in which the structure of a document
is reflected. The objects composing the document are viewed as contexts (agents)
that possess knowledge about their own content and their structure. This knowledge
is augmented with that of its structurally related objects. The model is based
on the definitions of knowledge modal operators, augmented knowledge operators
and augmented truth value assignment functions, formalised upon an interpretation
structure (possible worlds, truth value assignments and accessibility relations). The
model uses four truth values to capture incompleteness and inconsistency. The
knowledge augmentation process is formalised through the use of modal operators to
represent the content knowledge of an object augmented with that of its structurally
related objects.

We also formalise the knowledge augmentation process using the framework de-
fined by Fagin et al,?* to model the combination of knowledge. With this approach,
the logical structure of an object is represented through the use of G-world-trees
upon which augmented truth values are defined.

The formalism described in this paper is the basis of the development of a model
for structured document retrieval that allows for the retrieval of objects of varying
granularity. Future work will present the representation of the uncertainty inherent
to the information retrieval process,?”*® which will be used to estimate the degree
to which an object is relevant to a query.

The knowledge augmentation process has been implemented in the HySpirit
platform, an information retrieval experimental platform available at Queen Mary,
which allows describing, implementing and evaluating indexing and retrieval strate-
gies. The implemented knowledge augmentation process has been applied in two
projects at Queen Mary®: (1) the focused retrieval of structured documents, which
aims at returning best entry points in a structured document; and (2) the retrieval
of video data annotated with MPEG-7, the metadata standard for describing the
content and structure of multimedia data. In both cases, the knowledge augmenta-
tion process provided a means to effectively retrieve objects of varying granularity.

In future work, we will compare our model to other models for structured docu-
ments. This comparison will be performed within the INEXS initiative, which aims
at providing a common forum to evaluate approaches for XML retrieval using a
large collection of XML documents.
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