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Foreword

This book constitutes the first volume of the first journal in the new LNCS Jour-
nal Subline, the Journal on Data Semantics. Publishing a journal in a book series
might come as a surprise to customers, readers, and librarians, thus we would
like to provide some background information and our motivation for introducing
this new LNCS subline.

As a consequence of the very tight interaction between the Lecture Notes in
Computer Science series and the international computer science research and de-
velopment community, we receive quite a few proposals for new archive journals.
From the successful launch of workshops or conferences and publication of their
proceedings in the LNCS series, it might seem like a natural step to approach
the publisher about launching a journal once this specific field has gained a cer-
tain level of maturity and stability. Each year we receive about a dozen such
proposals and even more informal inquiries.

Like other publishers, it has been our experience that launching a new jour-
nal and making it a long-term success is a hard job nowadays, due to a generally
difficult market situation, and library budget restrictions in particular. Because
many of the proceedings in LNCS, and especially many of the LNCS postpro-
ceedings, apply the same strict reviewing and selection criteria as established
journals, we started discussing with proposers of new journals the alternative
of devoting a few volumes in LNCS to their field, instead of going through the
painful Sisyphean adventure of establishing a new journal on its own. The ad-
vantages are obvious: the worldwide circulation and the international visibility
of LNCS are as high as that of an average established journal, and the page
price in LNCS is factors lower. Furthermore, such a journal-substitute volume
would be available in LNCS Online and would thus be embedded into a compre-
hensive and popular digital library, in the direct neighborhood of many related
conference papers.

As you will see from the frontmatter pages that follow, the LNCS Journal
on Data Semantics has an Editor-in-Chief, who holds the overall mid-term edi-
torial responsibility, and an Editorial Board consisting of excellent researchers
in the area, who will devote their expertise to thoroughly reviewing the papers
submitted for evaluation. In certain cases, like the present one, comparable to a
special issue of a journal, the Editor-in-Chief may co-opt guest editors to jointly
review the candidate papers for the volume. The Journal on Data Semantics
can be subscribed to independently of the LNCS mother series, institutionally
as well as individually, and, in contrast to a journal, each volume of the Journal
on Data Semantics can be purchased individually at an affordable price.
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VI Preface

Given that we have a number of pending proposals, several other LNCS jour-
nals might follow soon. We are convinced that our approach is a timely service
to the international computer science research community, adding one more fa-
cet to the Lecture Notes in Computer Science series, as the most comprehensive
publication platform for this community.

September 2003 Alfred Hofmann,
Springer-Verlag
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Congratulations! What you have in your hands is the first issue of this new LNCS
Journal on Data Semantics. We hope you will find much information of interest
to you in the papers contained in this issue, and that you are already looking
forward to the next one.

We felt that producing a new journal on this theme was most appropriate at
this time, considering the evolution of computer science and practice. Compute-
rized information handling has recently changed its focus from centralized data
management systems to decentralized data exchange facilities. Modern distribu-
tion channels, such as high-speed Internet networks and wireless communication
infrastructures, provide reliable technical support for data distribution and data
access, realizing the new popular idea that data may be available to anybody,
anywhere, anytime. However, providing huge amounts of data on request often
turns out to be a counterproductive service, making the data useless because
of poor relevance or an inappropriate level of detail. Semantic knowledge is the
essential missing piece that allows the delivery of information that matches user
requirements. Semantic agreement, in particular, is essential to meaningful data
exchange.

Semantic issues have long been open topics in data and knowledge manage-
ment. However, the boom in semantically poor technologies, such as the Web
and XML, has excited renewed interest in semantics. For instance, conferences on
the Semantic Web attract crowds of participants, while ontologies on their own
has become a hot topic in the database and artificial intelligence communities.

This new journal aims to provide a highly visible dissemination channel for
remarkable work that in one way or another addresses research and development
on issues related to data semantics. The target domain ranges from theories sup-
porting the formal definition of semantic content to innovative domain-specific
applications of semantic knowledge. We expect such a publication channel to
be of highest interest to researchers and advanced practitioners working on the
Semantic Web, interoperability, mobile information services, data warehousing,
knowledge representation and reasoning, conceptual database modeling, ontolo-
gies, and artificial intelligence.

Topics of relevance to this journal include:

• Semantic interoperability, semantic mediators
• Ontologies
• Ontology, schema and data integration, reconciliation and alignment
• Multiple representations, alternative representations
• Knowledge representation and reasoning
• Conceptualization and representation
• Multimodel and multiparadigm approaches
• Mappings, transformations, reverse engineering
• Metadata
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VIII LNCS Journal on Data Semantics Preface

• Conceptual data modeling
• Integrity description and handling
• Evolution and change
• Web semantics and semistructured data
• Semantic caching
• Data warehousing and semantic data mining
• Spatial, temporal, multimedia and multimodal semantics
• Semantics in data visualization
• Semantic services for mobile users
• Supporting tools
• Applications of semantic-driven approaches

These topics are to be understood as specifically related to semantic issues.
Contributions dealing with the semantics of data may be considered even if they
are not covered by the topics in the list.

While the physical appearance of each journal issue looks like that of the
books in the well-known Springer LNCS series, the mode of operation will be
that of a journal. That is to say, publication results from contributions freely
submitted by authors and reviewed by the Editorial Board. Contributions may
also be invited, and nevertheless carefully reviewed, as was the case for this first
issue that publishes extended versions of some of the best papers addressing
data semantics topics presented at major conferences in 2002. Special issues are
foreseen, focusing on specific topics under the responsibility of guest editors.
Finally, it is also possible that a journal issue could be devoted to a single text.

The journal is currently aiming at one to three volumes per year.
The Editorial Board comprises one Editor-in-Chief (with overall responsibi-

lity) and a board with a number of members. The Editor-in-Chief has a four-year
mandate to run the journal. Board members have three-year mandates. Manda-
tes are renewable. More members may be added to the board as appropriate.

We are happy to welcome you aboard our readership and hope we will share
this privileged contact for a long time.

September 2003 Stefano Spaccapietra
Editor-in-Chief
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Abstract. Over the past decade, goal models have been used in Com-
puter Science in order to represent software requirements, business ob-
jectives and design qualities. Such models extend traditional AI plan-
ning techniques for representing goals by allowing for partially defined
and possibly inconsistent goals. This paper presents a formal framework
for reasoning with such goal models. In particular, the paper proposes
a qualitative and a numerical axiomatization for goal modeling primi-
tives and introduces label propagation algorithms that are shown to be
sound and complete with respect to their respective axiomatizations. In
addition, the paper reports on experimental results on the propagation
algorithms applied to a goal model for a US car manufacturer.

1 Introduction

The concept of goal has been used in many areas of Computer Science for quite
some time. In AI, goals have been used in planning to describe desirable states
of the world since the 60s [11]. In AI planning problems, an agent is given a
description of the environment and a set of admissible actions, and searches for
a plan —i.e., a sequence of actions and intermediate sub-goals— which allows for
achieving a final goal from a given initial state. Very efficient planning algorithms
and tools, including those based on graph-based planning [3] and on SAT con-
versions [9] have been conceived (see, e.g., [17] for an overview). More recently,
goals have been used in Software Engineering to model (early) requirements [6,
1, 2, 8] and non-functional requirements [10] for a software system. For instance,
an early requirement for a library information system might be “Every book re-
quest will eventually be fulfilled”, while “The new system will be highly reliable”
is an example of a non-functional requirement. Goals are also useful for knowl-
edge management systems which focus on strategic knowledge, e.g., “Increase
profits”, or “Become the largest auto manufacturer in North America” [7].
' This is an extended and updated version of the paper: Giorgini, P., Mylopoulos,

J., Nicchiarelli, E., and Sebastiani, R., ”Reasoning with Goal Models”. In S. Spac-
capietra, S. T. March, and Y. Kambayashi (Eds.), Conceptual Modeling - ER 2002,
proceedings of the 21st International Conference on Conceptual Modeling, LNCS
2503 Springer, 2002.

S. Spaccapietra et al. (Eds.): Journal on Data Semantics, LNCS 2800, pp. 1−20, 2003.
 Springer-Verlag Berlin Heidelberg 2003
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Traditional goal analysis consists of decomposing goals into subgoals through
an AND- or OR-decomposition. If goal G is AND-decomposed (respectively,
OR-decomposed) into subgoals G1, G2, . . . , Gn, then if all (at least one) of the
subgoals are satisfied so is goal G. Given a goal model consisting of goals and
AND/OR relationships among them, and a set of initial labels for some nodes
of the graph (S for Satisfied, D for Denied) there is a simple label propagation
algorithm which can generate labels for all other nodes of the graph [12].

Unfortunately, this simple framework for modeling and analyzing goals won’t
work for many domains where goals are not formalizable and the relationships
among them can’t be captured by semantically well-defined relations such as
AND/OR ones. For example, goals such as “Highly reliable system” have no for-
mally defined predicate which prescribes their meaning, though one may want
to define necessary conditions for such a goal to be satisfied. Moreover, such
a goal may be related to other goals, such as “Thoroughly debugged system”,
“Thoroughly tested system” in the sense that the latter obviously contribute to
the satisfaction of the former, but this contribution is partial and qualitative.
In other words, if the latter goals are satisfied, they certainly contribute to the
satisfaction of the former goal, but don’t guarantee its satisfaction. This frame-
work will also not work in situations where there are contradictory contributions
to a goal. For instance, we may want to allow for multiple decompositions of a
goal G into sets of subgoals, where some decompositions suggest satisfaction of
G while others suggest denial.

We are interested in a modeling framework for goals which includes AND/OR
relationships among goals, but also allows for other, more qualitative goal rela-
tionships and can accommodate contradictory situations [4, 16]. We accomplish
this by introducing goal relationships labelled “+” and “–” which model respec-
tively a situation where a goal contributes positively or negatively towards the
satisfaction of another goal.

A major problem that arises from this extension is giving a precise semantics
to the new goal relationships. This is accomplished in two different ways in this
paper. In section 3 we offer a qualitative formalization and a label propagation
algorithm which is shown to be sound and complete with respect to the formal-
ization. In section 4, we offer a quantitative semantics for the new relationships
which is based on a probabilistic model, and a label propagation algorithm that is
also shown to be sound and complete. Section 5 presents experimental results on
our label propagation algorithms using medium- to large-size goal models, while
section 6 summarizes the contributions of the paper and sketches directions for
further research.

2 An Example

Suppose we are modeling the strategic objectives of a US car manufacturer, such
as Ford or GM. Examples of such objectives are increase return on investment
or increase customer loyalty. Objectives can be represented as goals, and can be
analyzed using goal relationships such as AND, OR, “+” and “−”. In addition,

2 P. Giorgini et al.
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Fig. 1. A partial goal model for GM.

we will use ”++” (respectively ”−−”) as a binary goal relationship such that if
++(G,G’) (−−(G,G’)) then satisfaction of G implies satisfaction (denial) of G’.

For instance, increase return on investment may be AND-decomposed into
increase sales volume and increase profit per vehicle. Likewise, increase sales volume
might be OR-decomposed into increase consumer appeal and expand markets. This
decomposition and refinement of goals can continue until we have goals that are
tangible (i.e., someone can satisfy them through an appropriate course of action)
and/or are observable (i.e., they can be confirmed satisfied/denied by simply
observing the application domain).

For vaguely stated goals, such as increase customer loyalty we may want to
simply model other relevant goals, such as improve car quality, improve car service
and relate them through “+” and “−” relationships, as shown in Figure 1. These
goals may influence positively or negatively some of the goals that have already
been introduced during the analysis of the goal increase return on investment.
Such lateral goal relationships may introduce cycles in our goal models.

Examples of observable goals are Yen rises, gas prices rise etc. When such a
goal is satisfied, we will call it an event (the kind of event you may read about
in a news story) and represent it in our graphical notation as a rectangle (see
lower portion of Figure 1).

Figure 1 shows a partial and fictitious goal model for GM focusing on the goal
increase return of investment. In order to increase return of investment, GM has to
satisfy both goals increase sales and increase profit per vehicle. In turn, increase

3Formal Reasoning Techniques for Goal Models
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sales volume is OR-decomposed into increase consumer appeal and expand markets,
while the goal increase profit per vehicle is OR-decomposed into increase sales
price, lower production costs, increase foreign earnings, and increase high margin
sales. Additional decompositions are shown in the figure. For instance, the goal
increase consumer appeal can be satisfied by satisfying lower environment impact,
trying to lower purchase costs, or reducing the vehicle operating costs (reduce
operating costs).

The graph shows also lateral relationships among goals. For example, the
goal increase customer loyalty has positive (+) contributions from goals lower
environment impact, improve car quality and improve car services, while it has a
negative (−) contribution from increase sales price. The root goal increase return
on investment (GM) is also related to goals concerning others auto manufacturer,
such as Toyota and VW. In particular, if GM increases sales, then Toyota loses
a share of the North American market; if Toyota increases sales (increase Toyota
sales), it does so at the expense of VW; finally, if VW increases sales (increase
VW sales), it does so at the expense of GM. These lateral contributions introduce
a cycle in the GM goal model.

So far, we have assumed that every goal relationship treats S and D in a
dual fashion. For instance, if we have +(G,G’), then if G is satisfied, G’ is par-
tially satisfied, and (dually) if G is denied G’ is partially denied. Note however,
that sometimes a goal relationship only applies for S (or D). In particular, the
– contribution from increase sales (GM) to increase sales (Toyota) only applies
when increase sales (GM) is satisfied (i.e., if GM hasn’t increased sales, this
doesn’t mean that Toyota has.) To capture this kind of relationship, we intro-
duce −S , −D, +S , +D (see also Figure 1). Details about the semantics of these
relationships are given in the next section.

3 Qualitative Reasoning with Goal Models

Formally, a goal graph is a pair 〈G,R〉 where G is a set of goals and R is a set
of goal relations over G. If (G1, ..., Gn) r3−→ G !is!a!goal!relation!in!R,!we!call
G1...Gn! source!goals!and!G!the!target!goal!of!r.!To! simplify!the!discussion,!we
consider!only!binary!OR!and!AND!goal!relations.!This!is!not!restrictive,!as!all
the!operators!we!consider!in!this!section!and!in!Section!4!—i.e.,!∧,!∨,!min,!max,
⊗,!⊕—!are!associative!and!can!be!thus!trivially!used!as!n-ary!operators.

3.1! Axiomatization of Goal Relationships

Let!G1, G2, ...!denote!goal!labels.!We!introduce!four!distinct!predicates!over!goals,
FS(G),!FD(G)!and!PS(G),!PD(G),!meaning!respectively!that!there!is!(at!least)
full!evidence!that!goal!G!is!satisfied!and!that!G!is!denied,!and!that!there!is!at
least!partial!evidence!that!G!is!satisfied!and!that!G!is!denied.!We!also!use!the
proposition!/ to!represent!the!(trivially!true)!statement!that!there!is!at!least
null!evidence!that!the!goal!G!is!satisfied!(or!denied).!Notice!that!the!predicates
state!that!there! is!at! least!a!given! level!of!evidence,!because! in!a!goal!graph

4 P. Giorgini et al.
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Goal Invariant Axioms

G : FS(G) → PS(G) (1)

FD(G) → PD(G) (2)

Goal relation Relation Axioms

(G2, G3)
and'−→ G1 : (FS(G2) ∧ FS(G3)) → FS(G1) (3)

(PS(G2) ∧ PS(G3)) → PS(G1) (4)

FD(G2) → FD(G1), FD(G3) → FD(G1) (5)

PD(G2) → PD(G1), PD(G3) → PD(G1) (6)

(G2, G3)
or'−→ G1 : FS(G2) → FS(G1), FS(G3) → FS(G1) (7)

PS(G2) → PS(G1), PS(G3) → PS(G1) (8)

(FD(G2) ∧ FD(G3)) → FD(G1) (9)

(PD(G2) ∧ PD(G3)) → PD(G1) (10)

G2
+S'−→ G1 : PS(G2) → PS(G1) (11)

G2
−S'−→ G1 : PS(G2) → PD(G1) (12)

G2
++S'−→ G1 : FS(G2) → FS(G1), (13)

PS(G2) → PS(G1) (14)

G2
−−S'−→ G1 : FS(G2) → FD(G1), (15)

PS(G2) → PD(G1) (16)

G2
+D'−→ G1 : PD(G2) → PD(G1) (17)

G2
−D'−→ G1 : PD(G2) → PS(G1) (18)

G2
++D'−→ G1 : FD(G2) → FD(G1), (19)

PD(G2) → PD(G1) (20)

G2
−−D'−→ G1 : FD(G2) → FS(G1), (21)

PD(G2) → PS(G1) (22)

Fig. 2. Ground axioms for the invariants and the propagation rules in the qualitative
reasoning framework.

there may be multiple sources of evidence for the satisfaction/denial of a goal.
We introduce a total order FS(G) ≥ PS(G) ≥ / and FD(G) ≥ PD(G) ≥ /,
with the intended meaning that x ≥ y iff x → y.

We want to allow the deduction of positive ground assertions of type FS(G),
FD(G), PS(G) and PD(G) over the goal constants of a goal graph. We refer
to externally provided assertions as initial conditions. To formalize the propa-
gation of satisfiability and deniability evidence through a goal graph 〈G,R〉, we
introduce the axioms described in Figure 2. (By “dual” we mean that we invert
satisfiability with deniability.)

As indicated in Section 2, the propagation rules for goal satisfaction through
++, −−, +, − relationships may or may not be symmetric w.r.t. those for denial.
For example, the relationship G2

+3−→ G1 might propagate only the satisfaction
of G2, only the denial, or both.

5Formal Reasoning Techniques for Goal Models
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Thus, for every relation type r ∈ {++,−−,+,−}, it makes sense to have
three possible labels: ”rS”, ”rD”, and ”r”, meaning respectively that satisfac-
tion is propagated, that denial is propagated, and that both satisfaction and
denial are propagated. (We call the first two cases asymmetric, the latter sym-
metric.) For example, G2

−S3−→ G1 means that if G2 is satisfied, then there is
some evidence that G1 is denied, but if G2 is denied, then nothing is said about
the satisfaction of G1; G2

−D3−→ G1 means that if G2 is denied, then there is some
evidence that G1 is satisfied, but if G2 is satisfied, then nothing is said about
the denial of G1; G2

−3−→ G1 means that, if G2 is satisfied [denied], then there
is some evidence that G1 is denied [satisfied]. In other words, a symmetric re-
lation G2

r3−→ G1 is a shorthand for the combination of the two corresponding
asymmetric relationships G2

rS3−→ G1 and G2
rD3−→ G1.

(1) and (2) state that full satisfiability and deniability imply partial satis-
fiability and deniability respectively. For an AND relation, (3) and (4) show
that the full and partial satisfiability of the target node require respectively the
full and partial satisfiability of all the source nodes; for a “+S” relation, (11)
show that only the partial satisfiability (but not the full satisfiability) propagates
through a “+S” relation. Combining (1) with (3), and (1) with (11), we have,
respectively,

(G2, G3)
and0−→ G1 : (FS(G2) ∧ PS(G3)) → PS(G1) (23)

G2
+S0−→ G1!:! FS(G2)!→ PS(G1). (24)

Thus,!an!AND!relation!propagates!the!minimum!satisfiability!value!(and!the
maximum!deniability!one),!while!a!“+S”!relation!propagates!at!most!a!partial
satisfiability!value.!To!this!extent,!notice!that!a!“+S”!relation!can!be!seen!as!an
AND!relation!with!an!unknown!partially!satisfiable!goal.

From!now!on,!we!implicitly!assume!that!axioms!(1)!and!(2)!are!always!ap-
plied!whenever!possible.!Thus,!we! say! that!PS(G1)!is!deduced!from!FS(G2)
and!FS(G3)!by!applying!(3)!—meaning!“applying!(3)!and!then!(1)”—!or!that
PS(G1)!is!deduced!from!FS(G2)!and!PS(G3)!by!applying!(4)!—meaning!“ap-
plying!(1)!and!then!(4)”.

We!say!that!an!atomic!proposition!of!the!form!FS(G),!FD(G),!PS(G)!and
PD(G)!holds!if!either!it!is!an!initial!condition!or!it!can!be!deduced!via!modus
ponens!from!the!initial!conditions!and!the!ground!axioms!of!Figure!2.!We!assume
conventionally!that!/ always!holds.!Notice!that!all!the!formulas!in!our!framework
are!propositional!Horn!clauses,!so!that!deciding!if!a!ground!assertion!holds!not
only!is!decidable,!but!also!it!can!be!decided!in!polynomial!time.

We!say!that!there!is!a!weak!conflict!if!either!PS(G)!and!PD(G),!FS(G)!and
PD(G),!PS(G)!and!FD(G)!hold!for!some!goal!G.!We!say!that!there!is!a!strong
conflict!if!FS(G)!and!FD(G)!hold!for!some!G.

3.2! The Label Propagation Algorithm

Based!on!the!logic!framework!of!Section!3.1,!we!have!developed!an!algorithm
for!propagating! through!a !goal! graph! 〈G,R〉 labels! representing! evidence! for

6 P. Giorgini et al.
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(G2, G3)
and'−→ G1 G2

+S'−→ G1 G2
−S'−→ G1 G2

++S'−→ G1 G2
−−S'−→ G1

Sat(G1) min

{
Sat(G2),
Sat(G3)

}
min

{
Sat(G2),
P

}
N Sat(G2) N

Den(G1) max

{
Den(G2),
Den(G3)

}
N min

{
Sat(G2),
P

}
N Sat(G2)

(G2, G3)
or'−→ G1 G2

+D'−→ G1 G2
−D'−→ G1 G2

++D'−→ G1 G2
−−D'−→ G1

Sat(G1) max

{
Sat(G2),
Sat(G3)

}
N min

{
Den(G2),
P

}
N Den(G2)

Den(G1) min

{
Den(G2),
Den(G3)

}
min

{
Den(G2),
P

}
N Den(G2) N

the!satisfiability!and!deniability!of!goals.!To!each!node!G!∈ G we!associate!two
variables!Sat(G),Den(G)!ranging!in!{F, P,N} (full,!partial,!none)!such!that!F! >
P !>!N , !representing!the!current!evidence!of!satisfiability!and!deniability!of!goal
G.!For!example,!Sat(Gi)!≥ P !states!that!there!is!at!least!partial!evidence!that
Gi!is!satisfiable.!Starting!from!assigning!an!initial!set!of!input!values!for!Sat(Gi),
Den(Gi)!to!(a!subset!of)!the!goals!in!G,!we!propagate!the!values!through!the
goal!relations!in!R according!to!the!propagation!rules!of!Table!1.

The!schema!of!the!algorithm!is!described!in!Figure!3.!Initial,!Current!and
Old!are!arrays!of!|G| pairs!〈Sat(Gi),Den(Gi)〉,!one!for!each!Gi!∈ G,!representing
respectively!the!initial,!current!and!previous!labeling!states!of!the!graph.!We!call
the!pair!〈Sat(Gi),Den(Gi)〉 a !label!for!Gi.!Notationally,!if!W! is!an!array!of!labels
〈Sat(Gi),Den(Gi)〉,!by!W [i].sat!and!W [i].den!we!denote!the!first!and!second
field!of!the!ith!label!of!W .

The!array!Current! is!first!initialized!to!the!initial!values!Initial!given!as
input!by!the!user.!At!each!step,!for!every!goal!Gi,!〈Sat(Gi),Den(Gi)〉 is!updated
by!propagating!the!values!of!the!previous!step.!This!is!done!until!a!fixpoint!is
reached,!in!the!sense!that!no!further!updating!is!possible!(Current!==!Old).

The!updating!of!〈Sat(Gi),Den(Gi)〉 works!as!follows.!For!each!relation!Rj

incoming!in!Gi,!the!satisfiability!and!deniability!values!satij! and!denij! derived
from!the!old!values!of!the!source!goals!are!computed!by!applying!the!rules!of
Table!1.!The!result!is!compared!with!the!old!value,!and!the!maximum!is!returned
as!new!value!for!Gi.

3.3! Termination and Complexity

Theorem!1.!Label Graph(〈G,R〉, Initial) terminates after at most 6|G|+1 loops.

Proof. First, from lines 6 and 14 in Figure 3 we have that, for every goal Gi,

Current[i].sat = max(..., Old[i].sat),
Current[i].den = max(..., Old[i].den)

7Formal Reasoning Techniques for Goal Models
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1 label array Label Graph(graph 〈G,R〉, label array Initial)
2 Current=Initial;
3 do
4 Old=Current;
5 for each Gi ∈ G do
6 Current[i] = Update label(i, 〈G,R〉, Old);
7 until not (Current==Old);
8 return Current;
9
10 label Update label(int i, graph 〈G,R〉, label array Old)
11 for each Rj ∈ R s.t. target(Rj) == Gi do
12 satij = Apply Rules Sat(Gi, Rj , Old);
13 denij = Apply Rules Den(Gi, Rj , Old);
14 return 〈 max(maxj(satij), Old[i].sat), max(maxj(denij), Old[i].den) 〉

Fig. 3. Schema of the label propagation algorithm.

so that their values are monotonically non-decreasing. In order not to terminate,
at least one value per step should monotonically increase. Each of the 2|G| vari-
ables Sat(Gi) and Den(Gi) admits 3 possible values and at each non-final loop
at least one value increases. Thus the procedure must terminate after at most
6|G|+ 1 loops. "

Notice that the upper bound is very pessimistic, as many value updates are
done in parallel. In Section 5, we report on experiments we have conducted which
suggest that the algorithm generally converges after a few loops.

3.4! Soundness and Completeness

We call a value statement an expression of the form (v ≥ c), v ∈ {Sat(Gi),Den(Gi)}
for some goal Gi and c ∈ {F, P,N}, with the intuitive meaning “there is at least
evidence c for v”. Thus from now on we rewrite the assertion FS(G), PS(G),
/ as (Sat(G) ≥ F ), (Sat(G) ≥ P ), (Sat(G) ≥ N) and FD(G), PD(G), / as
(Den(G) ≥ F ), (Den(G) ≥ P ), (Sat(G) ≥ N) respectively.

We say that (v1 ≥ c1) is deduced from (v2 ≥ c2) [and (v3 ≥ c3)] by a relation
axiom meaning that the corresponding assertions are deduced. For instance,
(Sat(G1) ≥ P ) is deduced from (Sat(G2) ≥ F ) by axiom (11) as PS(G1) is
deduced from FS(G2) by axiom (11).

We say that (v1 ≥ c1) derives from (v2 ≥ c2) [and (v3 ≥ c3)] by means of one
propagation rule x = f(y, z) [x = f(y)] of Table 1 if c1 = f(c2, c3) [c1 = f(c2)].
For instance, (Sat(G1) ≥ P ) derives from (Sat(G2) ≥ P ) and (Sat(G3) ≥ F )
by means of the first propagation rule. Notice that this is possible because the

8 P. Giorgini et al.
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operators min and max are monotonic, that is, e.g., max(v1, v2) ≥ max(v′1, v
′
2)

iff v1 ≥ v′1 and v2 ≥ v′2.
To this extent, the rules in Table 1 are a straightforward translation of the

axioms (1)-(22), as stated by the following result.

Lemma 1. (v1 ≥ c1) derives from (v2 ≥ c2) [and (v3 ≥ c3)] by means of the
propagation rules of Table 1 if and only if (v1 ≥ c1) is deduced from (v2 ≥ c2)
[and (v3 ≥ c3)] with the application of one of the relation axioms (3)-(22).

Proof. For short, we consider only the AND and +S cases for Sat(G1), as the
other cases are either analogous or trivial and can be verified by the reader.

(G2, G3)
and3−→ G1: If either (Sat(G2) ≥ N) or (Sat(G3) ≥ N), then (Sat(G1) ≥ N)

is derived. This matches one-to-one the fact that from / nothing else is de-
duced;
otherwise, if either (Sat(G2) ≥ P ) or (Sat(G3) ≥ P ), then (Sat(G1) ≥ P )
is derived. This matches one-to-one the fact that from (Sat(G2) ≥ P ) and
(Sat(G3) ≥ P ) axiom (4) is applied, so that (Sat(G1) ≥ P ) is deduced;
finally, if both (Sat(G2) ≥ F ) and (Sat(G3) ≥ F ), then (Sat(G1) ≥ F ). This
matches one-to-one the fact that from (Sat(G2) ≥ F ) and (Sat(G3) ≥ F ),
axiom (3) is applied, so that (Sat(G1) ≥ F ) is deduced.

G2
+S3−→ G1: If (Sat(G2) ≥ N), then (Sat(G1) ≥ N). Again, this matches one-
to-one the fact that from / nothing else is deduced;
otherwise, if either (Sat(G2) ≥ P ) or (Sat(G2) ≥ F ), then we have that
Sat(G1) ≥ min(Sat(G2), P ) ≥ P . This matches one-to-one the fact that
from either (Sat(G2) ≥ P ) or (Sat(G2) ≥ F ) axiom (11) is applied and
(Sat(G1) ≥ P ) is deduced. "

Given an array of labels W , we say that (Sat(Gi) ≥ c) [resp. (Den(Gi) ≥ c)]
is true in W if and only if W [i].sat ≥ c [resp. W [i].den ≥ c]. This allows us to
state the correctness and completeness theorem for Label Graph().

Theorem 2. Let Final be the array returned by Label Graph(〈G,R〉, Initial).
(v ≥ c) is true in Final if and only if (v ≥ c) can be deduced from Initial by
applying the relation axioms (3)-(22).

Proof. First we define inductively the notion of “deduced from Initial in k
steps”: (i) an assertion in Initial can be deduced from Initial in 0 steps; (ii)
an assertion can be deduced from Initial in up to k + 1 steps if either it can
be deduced from Initial in up to k steps or it can be deduced by applying a
relation axiom to some assertions, all of which can be deduced from Initial in
up to k steps.

Let Currentk be the value of Current after k loops. We show that (v ≥ c)
is true in Currentk if and only if (v ≥ c) can be deduced from Initial in up to
k steps. The thesis follows from the fact that Final = Currentk for some k.

We reason by induction on k. The base case k = 0 is obvious as Current0 =
Initial. By inductive hypothesis, we assume the thesis for k and we prove it for
k + 1.

9Formal Reasoning Techniques for Goal Models
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If. Consider (v ≥ c) such that (v ≥ c) is deduced from Initial in up to k + 1
steps. Thus, (v ≥ c) is obtained by applying some relation axiom AX to
some assertion(s) (v1 ≥ c1) [and (v2 ≥ c2)], which can be both deduced from
Initial in up to k steps. Thus, by inductive hypothesis, (v1 ≥ c1) [and (v2 ≥
c2)] occur in Currentk. Then, by Lemma 1, (v ≥ c) derives from (v1 ≥ c1)
[and (v2 ≥ c2)] by means of the propagation rules of Table 1. Thus, if v is
Sat(Gi) [resp Den(Gi)], then c is one of the values satij [resp. denij ] of lines
14, 15 in Figure 3, so that Currentk+1[i].sat ≥ c [Currentk+1[i].den ≥ c].
Thus (v ≥ c) is true in Currentk+1.

Only if. Consider a statement (v ≥ c) true in Currentk+1. If (v ≥ c) is true
also in Currentk, then by inductive hypothesis (v ≥ c) can be deduced from
Initial in up to k steps, and hence in k+1 steps. Otherwise, let Rj be the rule
and let (v2 ≥ c2) [and (v3 ≥ c3)] the statements(s) true in Currentk from
which v has been derived. By inductive hypothesis (v2 ≥ c2) [and (v3 ≥ c3)]
can be deduced from Initial in up to k steps. By Lemma 1 (v ≥ c) can be
deduced from (v2 ≥ c2) [and (v3 ≥ c3)] by the application of one relation
axiom, and thus can be deduced from Initial in up to k + 1 steps. "

Thus, from Theorem 2, the values returned by Label Graph(〈G,R〉, Initial)
are the maximum evidence values which can be deduced from Initial.

4 Quantitative Reasoning with Goal Models

The qualitative approach of Section 3 allows for setting and propagating partial
evidence about the satisfiability and deniability of goals and the discovery of
conflicts.

We may want to provide a more fine-grained evaluation of such partial ev-
idence. For instance, when we have G2

+S3−→ G1,!from!PS(G2)!we!can!deduce
PS(G1),!whilst!one!may!argue!that!the!satisfiability!of!G1! is!in!some!way!less
evident!than!that!of!G2.!For!example,!in!the!goal!graph!of!Figure!1,!the!satisfac-
tion!of!the!goal!lower!environment!impact!may!not!necessarily!imply!satisfaction
of!increase!customer!loyalty,!so!it!may!be!reasonable!to!assume!”less!evidence”
for!the!satisfaction!of!the!latter!compared!to!the!former.!Moreover,!the!different
relations!which!mean!partial!support!–!i.e.,!+S ,!−S ,!+D,!−D! – !may!have!differ-
ent!strengths.!For!instance,!in!the!goal!graph!of!Figure!1,!US!gas!price!rises
may!have!a!bigger!impact!on!gas!price!rises!than!japanese!gas!price!rises!if
the!manufacturer’s!market!is!mainly!in!the!US.

To!cope!with!these!facts,!we!need!a!way!for!representing!different!numerical
values!of!partial!evidence!for!satisfiability/deniability!and!for!attributing!differ-
ent!weights!to!the!+S ,!−S ,!+D,!−D! relations.!And,!of!course,!we!also!need!a
formal!framework!to!reason!with!such!quantitative!information.

4.1! An Extended Framework

In!our!second!attempt,!we!introduce!a!quantitative!framework,!inspired!by![5].
We! introduce!two! real!constants! inf! and!sup!such! that!0!≤ inf! < !sup.!For

10 P. Giorgini et al.
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(G2, G3)
and'−→ G1 G2

w+S'−→ G1 G2
w−S'−→ G1 G2

++S'−→ G1 G2
−−S'−→ G1

Sat(G1) Sat(G2)⊗ Sat(G3) Sat(G2)⊗ w Sat(G2)
Den(G1) Den(G2)⊕Den(G3) Sat(G2)⊗ w Sat(G2)

(G2, G3)
or'−→ G1 G2

w+D'−→ G1 G2
w−D'−→ G1 G2

++D'−→ G1 G2
−−D'−→ G1

Sat(G1) Sat(G2)⊕ Sat(G3) Den(G2)⊗ w Den(G2)
Den(G1) Den(G2)⊗Den(G3) Den(G2)⊗ w Den(G2)

each node G ∈ G we introduce two real variables Sat(G),Den(G) ranging in
the interval D =def [inf, sup], representing the current evidence of satisfiability
and deniability of the goal G. The intended meaning is that inf represents no
evidence, sup represents full evidence, and different values in ]inf, sup[ represent
different levels of partial evidence.

To handle the goal relations we introduce two operators ⊗,⊕ : D×D 3−→ D
representing respectively the evidence of satisfiability of the conjunction and that
of the disjunction [deniability of the disjunction and that of the conjunction] of
two goals. ⊗ and ⊕ are associative, commutative and monotonic, and such that
x⊗ y ≤ x, y ≤ x⊕ y; there is also an implicit unary operator inv(), representing
negation, such that inf = inv(sup), sup = inv(inf), inv(x⊕y) = inv(x)⊗inv(y)
and inv(x⊗ y) = inv(x)⊕ inv(y).

We also attribute to each goal relation +S , −S , +D, −D a weight w ∈
]inf, sup[ stating the strength by which the satisfiability/deniability of the source
goal influences the satisfiability/deniability of the target goal. The propagation
rules are described in Table 2. As in the qualitative approach, a symmetric
relation —such as, G2

w+3−→ G1— is a shorthand for the combination of the
two corresponding asymmetric relationships sharing the same weight w —e.g.,
G2

w+S3−→ G1 and G2
w+D3−→ G1.

There are a few possible models following the schema described above. In
particular, here we adopt a probabilistic model, where the evidence of satisfiabil-
ity Sat(G) [resp. deniability Den(G)] of G is represented as the probability that
G is satisfied (respectively denied). As usual, we adopt the simplifying hypothe-
sis that the different sources of evidence are independent. Thus, we fix inf = 0,
sup = 1, and we define ⊗,⊕, inv() as:

p1 ⊗ p2 =def p1 · p2, p1 ⊕ p2 =def p1 + p2 − p1 · p2, inv(p1) = 1− p1

that is, respectively the probability of the conjunction and disjunction of two
independent events of probability p1 and p2, and that of the negation of the first
event. To this extent, the propagation rules in Table 2 are those of a Bayesian
network, where, e.g., in G2

w+S3−→ G1 w has to be interpreted as the conditional
probability P [G1 is satisfied | G2 is satisfied]. Notice that the qualitative

11Formal Reasoning Techniques for Goal Models
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Goal relation Axioms

(G2, G3)
and'−→ G1 : (Sat(G2) ≥ x ∧ Sat(G3) ≥ y) → Sat(G1) ≥ (x⊗ y) (25)

(Den(G2) ≥ x ∧Den(G3) ≥ y) → Den(G1) ≥ (x⊕ y) (26)

(G2, G3)
or'−→ G1 : (Sat(G2) ≥ x ∧ Sat(G3) ≥ y) → Sat(G1) ≥ (x⊕ y) (27)

(Den(G2) ≥ x ∧Den(G3) ≥ y) → Den(G1) ≥ (x⊗ y) (28)

G2
w+S'−→ G1 : Sat(G2) ≥ x → Sat(G1) ≥ (x⊗ w) (29)

G2
w−S'−→ G1 : Sat(G2) ≥ x → Den(G1) ≥ (x⊗ w) (30)

G2
++S'−→ G1 : Sat(G2) ≥ x → Sat(G1) ≥ x (31)

G2
−−S'−→ G1 : Sat(G2) ≥ x → Den(G1) ≥ x (32)

G2
w+D'−→ G1 : Den(G2) ≥ x → Den(G1) ≥ (x⊗ w) (33)

G2
w−D'−→ G1 : Den(G2) ≥ x → Sat(G1) ≥ (x⊗ w) (34)

G2
++D'−→ G1 : Den(G2) ≥ x → Den(G1) ≥ x (35)

G2
−−D'−→ G1 : Den(G2) ≥ x → Sat(G1) ≥ x (36)

Fig. 4. Axioms for the propagation rules in the quantitative reasoning framework.

framework of Section 3 can be seen as another such model with D = {F, P,N},
⊗ = min() and ⊕ = max(). 3

4.2 Axiomatization

As with the qualitative case, we call a value statement an expression of the
form (v ≥ c), v ∈ {Sat(Gi),Den(Gi)} for some Gi and c ∈ [0, 1], with the
intuitive meaning “there is at least evidence c of v”. We want to allow the user
to state and deduce non-negated value statements of the kind (Sat(G) ≥ c) and
(Den(G) ≥ c) over the goal constants of the graph. As before, we call externally
provided assertions about the satisfaction/denial of goals initial conditions.

To formalize the propagation of satisfiability and deniability evidence values
through a goal graph, for every goal and goal relation in 〈G,R〉, we introduce
the axioms (25)-(32) in Figure 4. Unlike those of Figure 2, the relation axioms
in Figure 4 are not ground Horn clauses —thus, propositional—but rather first-
order closed Horn formulas, so that they require a first-order deduction engine.

We say that a statement (v ≥ c) holds if either it is an initial condition or it
can be deduced from the initial conditions and the axioms of Figure 4. We implic-
itly assume that (Sat(Gi) ≥ 0) and (Den(Gi) ≥ 0) hold for every Gi, and that
the deduction engine —either human or machine— can semantically evaluate ⊗
and ⊕ and perform deductions deriving from the values of the evaluated terms
and the semantics of ≥. For instance, we assume that, if (G2, G3)

and3−→ G1 is in

3 Another model of interest is that based on a serial/parallel resistance model, in
which inf = 0, sup = +∞, x⊕ y = x + y, x⊗ y = x·y

x+y
and inv(x) = 1

x
[5].

12 P, Giorgini et al.
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R,!then!(Sat(G1)!≥ 0.1)!can!be!deduced!from!(Sat(G2)!≥ 0.5),!(Sat(G3)!≥ 0.4),
as! from! (25)! it! is! deduced! (Sat(G1)! ≥ 0.5!⊗ 0.4),! which! is! evaluated! into
(Sat(G1)!≥ 0.2),!from!which!it!can!be!deduced!(Sat(G1)!≥ 0.1).

We!say!that!there!is!a!weak!conflict!if!both!(Sat(G)!≥ c1)!and!(Den(G)!≥ c2)
hold!for!some!goal!G!and!constants!c1, c2! > !0.!We! say!that!there!is!a!strong
conflict!if!there!is!a!weak!conflict!s.t.!c1!=!c2!=!1.

4.3! The Label Propagation Algorithm

Starting!from!the!new!numeric!framework,!we!have!adapted!the!label!propaga-
tion!algorithm!of!Figure!3!to!work!with!numeric!values.!The!new!version!of!the
algorithm!differs!from!that!of!Section!3!in!that:!the!elements!in!Initial,!Current
and!Old!range!in![0, 1];!the!input!graph!contain!also!weights!to!the!+S ,!−S ,!+D,
−D! goal!relations;!and,!the!propagation!rules!applied!are!those!of!Table!2.

4.4! Soundness and Completeness

We!say!that!(v1!≥ c1)!derives!from!(v2!≥ c2)![and!(v3!≥ c3)]!by!means!of!one
propagation!rule!x!=!f(y, z)![x!=!f(y)]!of!Table!2!if!c1!=!f(c2, c3)![c1!=!f(c2)].
For!instance,!(Sat(G1)!≥ 0.4)!derives!from!(Sat(G2)!≥ 0.8)!and!(Sat(G3)!≥ 0.5)
by!means!of!the!first!and!propagation!rule.!Again,!this!is!possible!because!the
the!operators!⊗ and!⊕ are!monotonic.

Lemma!2.!(v1!≥ c1)!derives!from!(v2!≥ c2)![and!(v3!≥ c3)]!by!means!of!the
propagation!rules!of!Table!1!if!and!only!if!(v1!≥ c1)!is!deduced!from!(v2!≥ c2)
[and!(v3!≥ c3)]!with!the!application!of!one!of!the!relation!axioms!(25)-(32).

Proof.!Trivial!observation!that!the!axioms!(25)-(32)!are!straightforward!trans-
lation!of!the!propagation!rules!in!Table!1. "

Given!an!array!of!labels!W , !we!say!that!(Sat(Gi)!≥ c)![resp.!(Den(Gi)!≥ c)]!is
true!in!W!if!and!only!if!W [i].sat!≥ c ![resp.!W [i].den!≥ c].!This!allows!for!stating
the!correctness!and!completeness!theorem!for!Label Graph().

Theorem 3. Let Final be the array returned by Label Graph(〈G,R〉, Initial).
(v ≥ c) is true in Final if and only if (v ≥ c) can be deduced from Initial by
applying the relation axioms (25)-(32).

Proof. Identical to that of Theorem 2, substituting the axioms (25)-(32) for the
axioms (3)-(22), the rules in Table 2 for those in Table 1 and Lemma 2 for
Lemma 1. "

Again, from Theorem 3, the values returned by Label Graph(〈G,R〉, Initial) are
the maximum evidence values which can be deduced from Initial.

13Formal Reasoning Techniques for Goal Models
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4.5 Termination

To guarantee termination, the condition (Current == Old) of line 7 in Figure 3
is implemented as:

maxi (|Current[i].sat−Old[i].sat|) < ε and
maxi (|Current[i].den−Old[i].den|) < ε,

(37)

ε being a sufficiently small real constant. (This is a standard practice to avoid
numeric errors when doing computations with real numbers.) Thus, the algo-
rithm loops until all satisfiability or deniability value variations have become
negligible.
Theorem 4. Label Graph(〈G,R〉, Initial) terminates in a finite number of loops.

Proof. For the same reason as in Theorem 1, the values Current[i]k.sat and
Current[i]k.den are monotonically non-decreasing with k. As every monotoni-
cally non-decreasing upper-bounded sequence is convergent, both Current[i]k.sat
and Current[i]k.den are convergent. Thus they are also Cauchy-convergent. 4 It
follows that condition (37) becomes true after a certain number of loops. "

Remark 1. In the proof of Theorem 3, we have assumed the terminating con-
dition (Current == Old), whilst in our implementation we use condition (37).
Thus, whilst Label Graph()!stops!when!(37)!is!verified,!the!corresponding!deduc-
tive!process!might!go!on,!and!thus!deduce!a!value!slightly!bigger!than!the!one
returned!by!the!algorithm.!Since!we!can!reduce!ε!at!will,!this!“incompleteness”
has!no!practical!consequences.

5! Experimental!Results

Both!qualitative!and!quantitative!algorithms!have!been!implemented!in!Java!and
a!series!of!tests!were!conducted!on!a!Dell!Inspiron!8100!laptop!with!a!Pentium
III!CPU!and!64!MB!RAM!(OS:!GNU/Linux,!kernel!2.4.7-10).!The!tests!were
intended!to!demonstrate!the!label!propagation!algorithms,!also!to!collect!some
experimental!results!on!how!fast!the!algorithms!converge.

In!the!following,!we!present!the!experimental!results!obtained!applying!the
algorithms!to!the!auto!manufacturer!goal!graph!introduced!in!Figure!1.

5.1! Experiments with the Qualitative Approach

The!first!set!of!experiments!was!carried!out!in!order!to!demonstrate!the!qual-
itative!label!propagation!algorithm.!For!each!experiment,!we!assigned!a!set!of
labels!to!some!of!the!goals!and!events!of!the!auto!manufacturer!graph!(Figure!1)
and!see! their! consequences! for!other!nodes.!The! label!propagation!algorithm
reached!a!steady!state!after!at!most!five!iterations.
4 An infinite sequence an is Cauchy-convergent if and only if, for every ε > 0, there

exist an integer N s.t. |an+1 − an| < ε for every n ≥ N . an is convergent if and only
if it is Cauchy-convergent.

14 P. Giorgini et al.



Formal!Reasoning!Techniques!for!Goal!Models 15

Table!3!reports!the!results!of!four!different!experiments!(Experiments!1,!2,
3,!and!4).

For!each!goal/event,!the!table!shows!the!initial!(Init)!label!assignment!to!the
variables!S!and!D,!also!their!final!(Fin)!value!after!label!propagation.!For!in-
stance,!in!the!first!experiment,!the!initial!assignment!for!the!goal!expand!markets
is!S=P!and!D=N,!while!the!final!values!for!increase!return!on!investment!(GM)
are!S=N!and!D=P.

In!the!first!experiment,!we!start!with!goals!lower!environment!impact,!improve
mileage!and!lower!sales!price!totally!satisfied!(S=F),!goals!expand!markets!and!offer
rebates!partially!satisfied!(S=P),!goals!increase!foreign!earnings!and!keep!labour
costs!low!totally!denied!(D=F),!and!goals!increase!sales!price!and!increase!high
margin!sales!partially!denied!(D=P).!The!propagation!of!such!values!produces!a
final!state!in!which!the!main!goal!increase!return!on!investment!(GM)!is!partially
denied.

In!the!second!experiment!we!start!with!the!same!initial!assignment!of!the!first
experiment,!except!that!the!event!Yen!rises!is!now!totally!satisfied.!As!reported!in
Table!3,!this!new!assignment!produces!a!different!result!for!the!root!goal.!Now,!it
is!both!partially!satisfied!and!partially!denied,!namely!we!have!a!contradiction.
Since!the!analysis!is!qualitative,!it!is!not!possible!to!distinguish!between!the!two
values!S=P!and!D=P!and!we!cannot!say!anything!about!this!contradiction.

For!the!third!experiment,!we!assume!that!goals!keep! labour!costs! low!and
reduce!raw!material!costs!are!totally!satisfied.!This!new!assignment!produce!a
contradiction!for!the!root!goal!(totally!satisfied!and!partially!denied).!Unlike
from!the!previous!experiment,!we!have!now!more!evidence!for!the!satisfaction
of!this!goal,!rather!than!its!denial.

Finally,! in! the! fourth! experiment,! though! goals! increase! Toyota! sales! and
increase!VW!sales!are!totally!satisfied,!for!the!root!goal!we!still!have!the!same
contradictory!result.!Note!that!the!new!assignment!also!produces!contradictory
values!for!goals!about!GM,!Toyota!and!VW!sales!(S=F!and!D=P).

5.2! Experiments with the Quantitative Approach

In!a!second!set!of!experiments!we!assigned!numerical!weights!to!“+”,!“−”!and
“−S”!lateral!relationships!as!reported!in!Table!4.!For!instance,!the!goal!increase
sales!volume!contributes!negatively!to!the!goal!increase!Toyota!sales!with!a!weight
0.6,!while!the!goal!increase!car!quality!contributes!positively!to!the!goal!increase
customer! loyalty!with!weight! 0.8.!Table!5 !reports! the! results!of! four!different
experiments.

The!results!of!these!experiments!confirm!those!obtained!with!the!qualitative
algorithm.!However,!the!numeric!approach!allows!us!to!draw!more!precise!con-
clusions!about!the!final!value!of!goals.!This!is!particularly!helpful!for!evaluating
contradictions.!For!instance,!in!the!second!experiment!(Exp!2),!even!though!we
have!a!contradiction!for!the!final!values!of!the!root!goal!increase!return!on!invest-
ment!(GM)!(i.e.,!S=0.8!and!D=0.4),!we!have!more!evidence!for!its!satisfaction
than!its!denial.!With!the!qualitative!approach!we!had!S=P!and!D=P,!and!there
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Exp 1 Exp 2 Exp 3 Exp 4
Goals/Events Init Fin Init Fin Init Fin Init Fin

S D S D S D S D S D S D S D S D

increase return on investment (GM) N N N P N N P P N N F P N N F P

increase sales volume N N F P N N F P N N F P N N F P

increase profit per vehicle N N N P N N P P N N F N N N F N

increase customer appeal N N F N N N F N N N F N N N F N

expand markets P N P N P N P N P N P N P N P N

increase sales price N P N F N P N F N P N F N P N F

increase foreign earnings N F N F N F P F N F P F N F P F

lower production costs N N N F N N N F N N F N N N F N

increase high margin sales N P N P N P N P N P N P N P N P

reduce operating costs N N F N N N F N N N F N N N F N

lower environmental impact F N F N F N F N F N F N F N F N

lower purchase costs N N F N N N F N N N F N N N F N

keep labour costs low N F N F N F N F F N F N F N F N

improve economies of production N N N N N N N N N N F N N N F N

lower gas price N N N N N N N N N N N N N N N N

improve mileage F N F N F N F N F N F N F N F N

offer rebates P N P N P N P N P N P N P N P N

lower loan interest rates N N N N N N N N N N N N N N N N

lower sales price F N F N F N F N F N F N F N F N

reduce raw materials costs N N N N N N N N F N F N F N F N

outsource units of production N N N N N N N N N N N N N N N N

gas price rises N N N N N N N P N N N P N N N P

lower Japanese interest rates N N N N N N N N N N N N N N N N

US gas price rises N N N N N N N N N N N N N N N N

Japanese gas price rises N N N N N N N P N N N P N N N P

Yen rises N N N N F N F N F N F N F N F N

Japanese rates rise N N N N N N N N N N N N N N N N

improve car quality N N P N N N P N N N N P N N N P

improve car services N N N P N N N P N N N P N N N P

improve customer loyalty N N P P N N P P N N P P N N P P

increase Toyota sales N N N P N N N P N N N P F N F P

increase VW sales N N N N N N N N N N N N F N F P
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was nothing else to say about this contradiction. Analogous comments apply for
the fourth experiment.

The threshold ε (equation 37) used in the experiments has been chosen
as the smallest positive value of type float (i.e., Float.MIN VALUE). With this
threshold, the algorithm converged in five iterations for all four experiments.

Table 3. Experiments with the qualitative approach
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Goal/Event Relationship Goal/Event

increase sales volume
0.6−S'−→ increase Toyota sales

increase Toyota sales
0.6−S'−→ increase VW sales

increase VW sales
0.6−S'−→ increase sales volume

increase customer loyalty
0.4+'−→ increase sales volume

increase sales prices
0.5−'−→ increase customer loyalty

increase car quality
0.8+'−→ increase customer loyalty

improve car services
0.7+'−→ increase customer loyalty

lower environment impact
0.4+'−→ increase customer loyalty

increase sales prices
0.3+'−→ improve car services

keep labour costs low
0.7−'−→ increase car quality

improve economies of production
0.8+'−→ lower purchase costs

Yen rises
0.8+'−→ increase foreign earnings

lower Japanese interest rates
0.4+'−→ lower sales price

Japanese rates rises
0.8−'−→ lower Japanese interest rates

Japanese rates rises
0.6+'−→ Yen rises

Yen rises
0.4−'−→ Japanese gas price rises

Japanese gas price rises
0.6+'−→ gas price rises

US gas price rises
0.6+'−→ gas price rises

gas price rises
0.8−'−→ lower gas price

5.3 A Final Experiment

A final set of experiments were carried out with graphs with a bigger number of
cycles. The goal of the experiments was to evaluate the growth of the number
of iterations with respect to the growth of the number of cycles.

We generated such graphs randomly. Starting from the auto manufacturer
model of Figure 1, we generated new graphs adding randomly new contribution
links between goals and thereby generating new cycles. Of course, since we were
only interested on the structure of the graphs, we have not associated to them
any semantics. Figure 5 shows an example of such a random graph.

The results of the experiments showed that new cycles increase significantly
the number of iterations. For instance, applying the quantitative algorithm to the
graph showed in Figure 5, the number of iterations for the last three experiments
presented in Table 5 (Exp2, Exp2, and Exp3) increased from 6 to 33, from 6 to
80 and from 5 to 24, respectively.

17Formal Reasoning Techniques for Goal Models

Finally, a set of experiments were carried out with graphs with a bigger
number of nodes (from hundred to thousand nodes). The results showed that
also for bigger graphs value propagation performs in negligible time (≤ 10−2s).
This suggests us that our approach can be applied in real life applications where
goals models can count more than hundred goals.

Table 4. Quantitative relationships for the auto manufacturer example of Figure 2
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Exp 1 Exp 2 Exp 3 Exp 4
Goals/Events Init Fin Init Fin Init Fin Init Fin

S D S D S D S D S D S D S D S D

increase return on investment (GM) 0 0 0 .4 0 0 .8 .4 0 0 .9 .2 0 0 .9 .6
increase sales volume 0 0 1 .1 0 0 1 .1 0 0 1 .2 0 0 1 .6

increase profit per vehicle 0 0 0 .4 0 0 .8 .4 0 0 .9 0 0 0 .9 0
increase customer appeal 0 0 1 0 0 0 1 0 0 0 1 0 0 0 1 0

expand markets .3 0 .3 0 .3 0 .3 0 .3 0 .3 0 .3 0 .3 0
increase sales price 0 .5 0 .8 0 .5 0 .8 0 .5 0 .8 0 .5 0 .8

increase foreign earnings 0 .9 0 .9 0 .9 .8 .9 0 .9 .8 .9 0 .9 .8 .9
lower production costs 0 0 0 .9 0 0 0 .9 0 0 .6 0 0 0 .6 0

increase high margin sales 0 .6 0 .6 0 .6 0 .6 0 .6 0 .6 0 .6 0 .6
reduce operating costs 0 0 .8 0 0 0 .8 0 0 0 .8 0 0 0 .8 0

lower environmental impact .9 0 .9 0 .9 0 .9 0 .9 0 .9 0 .9 0 .9 0
lower purchase costs 0 0 .9 0 0 0 .9 0 0 0 .9 0 0 0 .9 0
keep labour costs low 0 .9 0 .9 0 .9 0 .9 .9 0 .9 0 .9 0 .9 0

improve economies of production 0 0 0 0 0 0 0 0 0 0 .7 0 0 0 .7 0
improve mileage 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
lower gas price .8 0 .8 0 .8 0 .8 0 .8 0 .8 0 .8 0 .8 0
offer rebates .3 0 .3 0 .3 0 .3 0 .3 0 .3 0 .3 0 .3 0

lower loan interest rates 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
lower sales price .8 0 .8 0 .8 0 .8 0 .8 0 .8 0 .8 0 .8 0

reduce raw materials costs 0 0 0 0 0 0 0 0 .7 0 .7 0 .7 0 .7 0
outsource units of production 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

gas price rises 0 0 0 0 0 0 0 .2 0 0 0 .2 0 0 0 .2
lower Japanese interest rates 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

US gas price rises 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Japanese gas price rises 0 0 0 0 0 0 0 .4 0 0 0 .4 0 0 0 .4

Yen rises 0 0 0 0 1 0 1 0 1 0 1 0 1 0 1 0
Japanese rates rise 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
improve car quality 0 0 .6 0 0 0 .6 0 0 0 0 .6 0 0 0 .6
improve car services 0 0 0 .2 0 0 0 .2 0 0 0 .2 0 0 0 .2

improve customer loyalty 0 0 .5 .2 0 0 .5 .2 0 0 .5 .2 0 0 .4 .5
increase Toyota sales 0 0 0 .6 0 0 0 .6 0 0 0 .6 1 0 1 .6
increase VW sales 0 0 0 0 0 0 0 0 0 0 0 0 1 0 1 .6

6 Conclusions

We have presented a formal framework for reasoning with goal models. Our goal
models use AND/OR goal relationships, but also allow more qualitative relation-
ships, as well as contradictory situations. A precise semantics has been given for
all goal relationships which comes in a qualitative and a numerical form. More-
over, we have presented label propagation algorithms for both the qualitative
and the numerical case that are shown to be sound and complete with respect
to their respective axiomatization. Finally, the paper reports experimental re-
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Table!5.!Results!with!the!quantitative!approach

sults!on!the!label!propagation!algorithms!that!suggest!that!the!algorithms!are
scalable!and!can!work!with!goal!models!having!hundreds!of!nodes.
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Fig. 5. A partial goal model for GM, with added cycles.
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The!main!limitation!of!our!framework!is!about!the!definition!of!contribution
links!and!the!labels!assignment.!This!is!a!problem!that!an!analyst!can!encounter
in!modeling!complex!situations!where!many!goals!are!related!one!another!and
different! perspectives!have! to!be!considered! in!assigning! initial!values! to! the
goals.!We!are!currently!working!on!a!methodology!that!can!help!and!drive!an
analyst!in!building!goal!models!considering!different!point!of!views!and!discov-
ering!relationships!between!goals.

Another!important!limitation!of!our!approach!is!that!we!deal!with!conflicts
but!we!do!not!resolve!them.!Also!here,!we!are!currently!working!to!top-down
approach! that!should!allow!us!to!find!a!set!of!possible!assignments!that!can
guarantee!the!satisfaction!(or!the!denial)!of!specific!goals!without!any!conflict.

Future!research!directions!include!applying!different!techniques,!such!as!Demp-
ster!Shafer!theory![15],!to!take!into!consideration!the!sources!of!information!in
the!propagation!algorithms.!This!will!allow!us!to!consider,!for!instance,!the!relia-
bility!and/or!the!competence!of!a!source!of!evidence!and!then!model!and!analyze
different!scenarios![14, 13].!We!also!propose!to!apply!our!framework!to!real!case
studies!to!confirm!its!validity.
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Abstract. Evaluation of data quality in web information systems pro-
vides support for a correct interpretation of the contents of web pages.
Data quality dimensions proposed in the literature need to be adapted
and extended to represent the characteristics of data in web pages, and
in particular their dynamic aspects. The present paper proposes and dis-
cusses a model and a methodological framework to support data quality
in web information systems. The design and a prototype implementation
of a software module to publish quality information are also described.

1 Introduction

Web Information Systems (WIS’s) [12] are characterized by the presentation to
a wide audience of a large amount of data, the quality of which can be very
heterogeneous. There are several reasons for this variety, but a significant rea-
son is the conflict between the need of publishing high quality information and
publishing information as soon as it becomes available. Providing information
with a good quality level is a traditional goal of information systems: theoretical
work in database design has focused on proposing appropriate data structures
and design methods for guaranteeing the quality of data (e.g., [4]); in addition,
more recent research work on data quality focuses on the quality of instances
of data, by defining a number of data quality dimensions (e.g., [26]) and tools
to support data quality improvement. On the other hand, information systems
on the web need to publish information in the shortest possible time after it is
available from information sources. These two requirements are in many aspects
contradictory: accurate design of data structures, and in the case of web sites,
of good navigational paths between pages, and certification of data to verify its
correctness are costly and lengthy activities, while publication of data on web
sites requires stringent times.
� The work of Monica Scannapieco is supported by Istituto di Analisi dei Sistemi
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Such a tradeoff between data quality and timeliness of information is a prob-
lem which has to be taken into account also in traditional publishing areas,
such as newspapers and journals. However, WIS’s present two peculiar aspects
with respect to traditional paper-based information sources: first, a web site is
a continuously evolving source of information, and it is not linked to a fixed re-
lease time of information; second, the process of producing information changes,
additional information can be produced in different phases, and corrections to
previously published information are possible. Such features lead to a different
type of information with respect to traditional media.

Therefore, the persons in charge for information release on web sites are often
faced with the need to decide, for single items of information, or for groups of
data with similar characteristics, whether or not a given piece of information
should be published at a given time.

The goal of this paper is to propose a data model and a methodological
framework that support the task of data publication on the web, providing tools
to associate quality information to data in web pages, both as static values, and
as expected evolution of quality in time due to subsequent updates. The origi-
nal contribution of the paper focuses mainly on the dynamic nature of quality
information and on the need to define a methodological framework and tools to
manage data quality information.

In the following of the paper, we discuss data quality in WIS’s presenting ex-
amples taken from a university web site. Let us consider, for instance, the case in
which a university has to present to perspective students new offerings in terms
of curricula for the following academic year: the choice in terms of time of pub-
lication is between waiting that all curricula are defined in order to present the
complete view on available degrees, or to present, maybe with different emphasis
and details, new offerings and previously available degrees at different times. The
second choice is more flexible, but it presents the disadvantage that perspective
students could miss important information if they visit the university site before
information they are looking for is available. On the other hand, the first option
requires that all decisions are taken, and it will probably postpone the date of
publication of information with respect to the second alternative; in some cases
the final decisions could be taken in a time frame which is not compatible with
the communication needed to publicize degree offerings for the following year.

In the previous example, a possible solution to miscommunication problems
is to provide a meta-level information about the information being published.
Quality information can be associated to each information item in a page (or
groups of items, or pages), expressing properties related to the expected validity
of each information, its completeness, and the quality of the information source.
The evolution in time of quality information in WIS’s is particularly important,
since it provides the user of such information with a basis for deciding whether to
use and how its contents. Therefore, the dynamic evolution of quality properties
is also taken into account.

The structure of the paper is as follows. In Section 2, the data quality di-
mensions for WIS’s are presented and discussed. In Section 3, a model for data
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quality is proposed and in Section 4, a methodological framework for data qual-
ity is described. In Section 5, an architecture realizing the proposed framework is
described. In Section 6, the design and implementation of a software module to
publish quality information is presented. Finally, in Section 7, related research
work is discussed and Section 8 concludes the paper by drawing future work and
the applicability of the approach.

2 Definition of Data Quality Dimensions

In the literature, data quality is considered as a multidimensional concept [21],
i.e., it is defined on the basis of a set of “dimensions”. Many proposals concerning
the set of dimensions characterizing data quality have been made, a survey of
which is given in [25]. One of the reasons for such a wide variety is that it is
very difficult to define a set of data quality dimensions suitable for every kind of
context. In the present paper, we focus only on a “core” set of dimensions, aiming
at capturing the most important aspects of data quality in WIS’s, leaving to
future work possible extensions of this set. The choice of this set has been guided
by those that are used most frequently in the literature [23]. In the following, we
give a definition for these core dimensions, and, in order to provide support for
the evolving nature of information published in WIS’s, we also associate metrics
to indicate the expected evolution of quality in time. We consider the following
four data quality dimensions:

– Expiration. It is defined as the time until which data remain current.
As an example, let us consider the case of a professor of a department of
a university that is going to move to another university. If a list of the
members of the department is published, this situation can be represented
by associating to the professor as a member of the department its expiration
date, corresponding to the date when the professor leaves the university.
Expiration is a time-related dimension; dimensions of this type are differently
defined in the literature, and there is no agreement on them. As an exam-
ple, in [2] timeliness is defined in terms of currency (how recent are data)
and volatility (how long data remains valid). This definition of volatility re-
calls our definition of expiration: we have instead chosen to give a dynamic
semantics to volatility, as detailed in section 2.1. In [21] only currency is
defined, while in [26] and [18] only timeliness is considered as a time-related
dimension.

– Completeness. It is defined as the degree to which the elements of an ag-
gregated element are present in the aggregated element instance. Therefore,
completeness is defined only for elements that are an aggregation of other
elements, such as lists, tables, and so on.
Let us consider a list of courses published on the university site, and the
situation in which it is known that new courses will be added to the list. A
completeness measure can be associated to the list to make it explicit that
the list is still partial.
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A recent work [20] distinguishes three kinds of completeness, namely: schema
completeness, column completeness and population completeness. The mea-
sures of such completeness types can give very useful information for a “gen-
eral” assessment of the data completeness of an organization, especially if
data are relational. Instead, we propose a different semantics for complete-
ness, taking into account the homogeneous nesting structure of some infor-
mation available on the Web.

– Source reliability. It is defined as the credibility of the source that provides
data.
Let us suppose that the starting date for a semester is available on the
university web site. Before having official information (e.g., a rector’s decree),
it typically happens that such information is already circulating, e.g., in
administrative offices. If there is a need to make this information visible
before it is finally approved by decree, we can associate a LOW value of source
reliability to the date. Conversely, if the date is provided by the official
source for such information in the university, i.e., it has been validated and
officially approved, it will have a HIGH source reliability value. The same
data source may have different source reliability values for different data it
provides. As an example, the school administrative office may have a LOW
source reliability value for starting dates of semesters; instead it may have a
HIGH source reliability value for course programs.
The proposed definition is the same as provided in [26] for source reputation.

– Correctness. It is the distance between the data value v and v’, being v’
the value considered as correct.
Let us consider the following example. A professor published on the uni-
versity web site has an attribute name, the value of which is JHN, while
the correct value is JOHN: this is a case of low correctness, as JHN is not an
admissible value according to a dictionary of English names.
Notice that, we have adopted for correctness the definition proposed in [21].

2.1 Dynamics of Data Quality Dimensions

One of the aspects of data quality in WIS’s is the possible evolution in time of
some data. For instance, if an incomplete course list is published, the complete-
ness dimension presented above provides only a static measure of the complete-
ness of such a list. An important information is also the expected evolution of
the list (“how and when it will be completed?”). In this section we show how to
associate temporal dynamics to the expiration and completeness dimensions.

We assume instead that source reliability and correctness are constant in
time for a certain instance of data, i.e., if their values vary, it is not anymore the
same data. Considering the previous example of the starting date for a semester
provided by an administrative office and thus having a LOW source reliability
value, this date may be confirmed or not by the official source; in both cases, the
date communicated by the official source is a new data item with a HIGH source
reliability value; similar considerations can be also made for correctness.
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Temporal Dynamics of Expiration: Volatility. With reference to the tem-
poral dynamics of expiration, we consider a function corresponding to the prob-
ability that the expiration time will change in the time interval starting from
the instant of publication and ending with the expiration time. More formally,
let us consider the following values:

– t pub: instant of publication of data,
– t exp: expiration time.

We consider the event E t defined as “t exp is the actual expiration time at
the instant t”. Then we introduce a function F exp(t) = probability distribution
of E t. Starting from the function F exp(t), we can define a volatility of the
published data as the probability at time t that t exp will be the real expiration
time, with t ∈ [t pub, t exp].

Definition: Volatility is defined as V = (t exp − t curr) − ∫ t exp

t curr
F exp(t) dt,

where t curr is the time at which volatility is evaluated and t curr < t exp.

For data that are stable in time, we assume that F exp(t) is not definable,
therefore no volatility is associated to them. In Figure 1, we show an example
where p curr and p exp are the values of F exp(t) in the instants t curr and
t exp respectively.

0=t_pub

1

t_expt_curr

F_exp

time

p_curr

p_exp

V=volatility

0,5

A

Fig. 1. A graphical representation of volatility.

The volatility of the data published in the instant t curr can be graphically
depicted as an area; it can range between:

– a minimum value equal to 0, when F exp(t) = 1 at all times after t curr;
– a maximum value equal to (t exp - t curr), when F exp(t) = 0 at all times

after t curr. Notice that this value should be considered as a theoretical
limit, as it indicates that the probability that the expiration time t exp will
be the actual expiration time is 0.
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We define a range LOW, MEDIUM, HIGH for volatility; if we consider as a refer-
ence the area A = (t exp−t curr)

2 (see Figure 1), volatility is:

– HIGH, if V > A;
– MEDIUM, if V = A;
– LOW, if V < A.

As an example of the usefulness of such kind of information, let us consider
again the case of a professor moving to another university. It is possible to know
that the date when the professor will leave is fixed or that it “may” change or that
it is “very probable” that it will change. A LOW value of volatility corresponds
to the fact that the date is definitive, a MEDIUM value to the fact that the date
may change and a HIGH value to a very probable change of the date.

Temporal Dynamics of Completeness: Completability. In a similar way,
we consider the temporal dynamics of completeness. We consider how complete-
ness evolves in time, that is how a given aggregation of elements evolves towards
completion. Let us consider the following given values:

– t max: the maximum time within which the aggregation of elements will be
completed;

– t pub: the instant of publication of data,

We consider a function C(t) = estimate of the value of completeness in the
instant t, where t ∈ [t pub, t max] . Starting from the function C(t), we can
define the completability of the published data.

Definition: Completability is C =
∫ t max

t curr
C(t) dt, where t curr is the time at

which completability is evaluated and t curr < t max.

In Figure 2, an example of completability is shown. Notice that the value
corresponding to t curr is indicated as c curr; c max is the value for complete-
ness estimated for t max. The value c max is a real reachable limit that can be
specified for the completeness of an aggregation of elements; if this real limit
does not exist, c max is equal to 1.

As in the case of volatility, we can define ranges for completability (HIGH,
MEDIUM, LOW). We consider as a reference the area A = (t max − t curr) ∗
c max−c pub

2 (see Figure 2). Then completability is:

– HIGH, if C > A;
– MEDIUM, if C = A;
– LOW, if C < A.

As an example, we can consider the list of courses published on the university
web site; the completeness dimension gives the information about the current
degree of completeness; the completability information gives the information
about how fast such degree will grow in time, i.e., how fast the list of courses
will be completed.
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c_max

c_pub

c_curr

c_max-c_pub/2

0=t_pub t_maxt_curr

C(t)

time

A

C=completability

Fig. 2. A graphical representation of completability.

3 Modeling Data Quality

3.1 WIS Design Methodology

Several methodologies for WIS design (e.g., ARANEUS [16] and RMM [14,13])
are based on the following sequence of steps (see Figure 3, left side):

– Requirements Analysis: it aims at understanding the information domain,
what the WIS has to provide and who will be the users.

– Hypertext Conceptual and Logical Design: it implies the conceptual modeling
of two aspects: (i) data that will be part of the hypertext, and (ii) paths to
navigate among published data. This step also includes the design of some
“logical” constructs, related to the ways to access information (i.e. indexes,
tours, etc.) and to the structure of pages.

– Presentation design: it is focused on the interface design of the WIS.
– Implementation: it implies the generation of web pages.

To support the association of data quality information to web pages, we
propose to introduce additional steps , related to the previously described ones,
specifically devoted to data quality design (see Figure 3, right side):

– Quality Requirements Analysis: it is focused on the definition of the required
quality dimensions to be associated to publishing data and of criteria and
metrics associated to each dimension. The data quality dimensions in our
approach are based on the definitions provided in the previous section.

– Quality design: the goal of this phase is to associate data quality information
to pages and their contents.

– Quality Implementation: associating quality values to the previously defined
dimensions.
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Requirements  Analysis

Hypertext Conceptual Design

Presentation design

Implementation

Quality
Requirements Analysis

Quality Design

Quality
Implementation

Hypertext Logical Design

Fig. 3. The process of realization of a WIS (left side) and activities for data quality
design (right side). The grey task is further considered in Section 3.2.

3.2 A General Hyperbase Data Model for Data Quality

In this section, we show how to realize the step of quality design, shown in Figure
3, by proposing a model to associate quality information to web-publishing data.

Specializing a terminology introduced in [10], in the following we call as
hyperbase data model a specific data model for hypertext representation that
includes data structures, while being “purged” from the strictly navigational ele-
ments. An example of a hyperbase data model is the one of RMM [14,13], which
includes constructs such as attributes, entities, slices (i.e., groups of attributes of
an entity), etc.; other constructs of RMM, such as guided tours, are not included
as they are navigational elements.

We propose a General Hyperbase Data Model (GHDM) in order to ab-
stract the features of hyperbase data models which are more relevant from a
data quality perspective.

With respect to the possibility of associating data quality information to
data elements, an important feature is the “granularity” of a data element. To
clarify this concept, consider the source reliability dimension: it can be associated
to a list of elements, if each element of the list derives from the same source;
conversely, it can be associated to each element of the list, when the sources for
them are different, and possibly with different source reliability values.

Therefore, in our general hyperbase data model we distinguish between
atomic and aggregated elements and we associate data quality information to
both of them by defining a quality atomic element and a quality aggregated ele-
ment.
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Definition: a quality atomic element is defined as a tuple < atomic
element, Set of Quality Dimensions (SQD) >, in which:

– an atomic element is the schema of the smallest piece of information to be
published on the Web (e.g., an attribute);

– a possible SQD is the one proposed in Section 2, and includes: (i) expiration,
(ii) volatility, (iii) source reliability, (iv) correctness.

Definition: a quality aggregated element is a tuple < aggregated element
(of level i), Set of Quality Dimensions (SQD) >, in which:

– aggregated elements can have different levels of aggregation, i.e., they can
be the aggregation of atomic elements or the aggregation of aggregated el-
ements; examples are entities in the ER-model, that are an aggregation of
attributes;

– a possible SQD includes: (i) expiration, (ii) volatility, (iii) source reliability,
(iv) correctness, (v) completeness and (vi) completability.

4 A Methodological Framework for Data Quality
Management in WIS’s

When introducing data quality in a WIS, in addition to data quality design,
further issues must be considered, concerning data quality management: as an
example, problems related to the updating of dynamically changing quality val-
ues and to quality improvement should be taken into account. In the present
section, we describe a methodological framework for managing data quality in
WIS’s, discussing the principal activities that must be supported to manage data
quality.

The main activities that should be made in order to cope with the require-
ments of an effective data quality management include:

– the definition of a set of data quality dimensions to associate to information
to make available on the web;

– the definition of a conceptual model that defines quality elements according
to which modeling data quality dimensions and associating quality informa-
tion to data elements;

– the specification of a set of quality requirements to be satisfied by published
data;

– the measurement of quality dimensions values for information to be pub-
lished;

– the updating of quality dimension values that dynamically change;
– the improvement of the quality of published data.

We propose a methodological cycle to manage data quality in a WIS; the cycle
consists of three iterative phases, namely: Definition, Publishing and Cleaning
(see Figure 4). In the following subsections, each of the phases will be described.
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Fig. 4. A methodological cycle for data quality management in WIS’s.

4.1 Definition Phase

In this phase, the three following elements are to be considered:

– Data quality dimensions. The data quality dimensions that are interesting
for the WIS should be chosen. A comprehensive choice should include both
static and dynamic aspects of quality dimensions. The set of dimensions pro-
posed in Section 2, and including expiration, completeness, source reliability,
correctness to catch static features and volatility and completability to catch
the dynamic ones, is a potential set.

– Quality Model. A quality model has the role of modeling the chosen data
quality dimensions as well as their associations to data elements in the data
model. In Section 3.2, the GHDM has been proposed with the aim of ad-
dressing these features.

– Quality Constraints. It could be defined a set of quality constraints that data
published in a WIS need to satisfy. A quality constraint can be seen as an ex-
pression < dimension > < operator > < value >, where < dimension >
is any data quality dimension, < operator > can be =, <,>,≤ or ≥, and
< value > is defined in the domain of the data quality dimension.
As an example, a data quality constraint that it is possible to state is
that Course Programs are published on the university web site only if
correctness >= 6, if measuring correctness over a domain {1..10}.
A set of quality constraints can be specified: (i) for data which are going
to be published, i.e., they will be published only if they satisfy such quality
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constraints; (ii) for published data in order to enact data cleaning actions
when a fixed percentage of published data does not satisfy the specified
constraints.

4.2 Publishing Phase

This phase generally includes the measurement of data quality values to publish
as well as their updating. Moreover it is also possible to fix some “thresholds”
for data quality dimensions values according to which to decide whether or not
to publish some data. As an example, in the university web site one can choose
that the information about the dates of examinations must be published only if
their correctness is HIGH.

Such thresholds are managed in the monitoring activity and can also trigger
cleaning actions when the quality of published data goes down acceptable values.

The publishing phase is structured according to the following steps:

– static measurement;
– dynamic measurement;
– monitoring.

Static Measurement. This step implies the evaluation of the static values of
data quality dimensions for data values which are going to be published. This
step has to be made when data to be published have been decided; it is made
once for a given set of data. Methods that can be used for measuring static data
quality dimensions depend on each specific dimension chosen in the definition
phase.

In the following, we describe possible methods to measure the set of qual-
ity dimensions proposed in Section 2. The expiration dimension is specified by
the expiration date. For all data that expire, the expiration date should be di-
rectly associated to them. Moreover, when the expiration date for a data item is
reached, two situations can occur: (i) expired data remain valid or (ii) expired
data become not valid. To model this situation, expiring data have not only an
expiration date associated to them, but also a validity interval, specifying
the instant from which and the instant until which data remain valid [22].

As an example of such a situation, consider the case of a timetable of a course
for a semester; supposing that the course is taught during the first semester of
the year, the timetable expires at the end of the first semester but remain valid
until the end of the year. Therefore, the timetable of the course has a a validity
interval [Start 1st Sem, End Year].

Note that managers of the WIS can choose to maintain on-line not yet valid
data or not, depending on the peculiarity of data themselves.

Completeness values can be calculated by considering the percentage of non-
existent data values in aggregated elements. As an example, when publishing
the list of the home pages of the professors of a university, all the URL’s may
not be available; by publishing only the available ones, the completeness of the
list is a percentage of all the professors’ home pages.



Data Quality in Web Information Systems 59

Source reliability values should be evaluated for each data type managed
by the WIS. Data types, the values of which can be published only when an
official source provide them (i.e., calls for tenders), are associated to HIGH source
reliability values.

correctness can be checked by comparing data values with reference dictio-
naries (e.g., name dictionaries, address lists, domain related dictionaries such as
product or commercial categories lists).

Dynamic Measurement. This step has to evaluate the dynamic values of data
quality dimensions for publishing data. Differently from the static measurement,
the dynamic measurement step is typically made many times, in specific instants
that may be of two types: (i) pre-fixed, such as the publication instant (i.e.,
t pub), and (ii) random, i.e., depending on unpredictable changes of parameters
on which dynamic dimensions depend. In the data quality literature, as of our
knowledge, there are no examples of dynamic data quality dimensions, therefore
there are no proposals about measurement methods.

With reference to the dynamic dimensions proposed in Section 2.1, they can
be measured as follows:

– volatility can be evaluated as HIGH, MEDIUM or LOW, according to the for-
mulas described in Section 2.1. The pre-fixed instants of evaluation can be,
beside the publication instant (i.e., t pub), all other instants in the interval
[t pub, t exp]. The random evaluation instants depend on anticipations or
postponements of t exp;

– completability can also be evaluated similarly to volatility. The random in-
stants may depend on eventually changes of the maximum time within which
the aggregation of elements will be completed (i.e., t max) and/or the cor-
responding maximum value for completeness (i.e., c max).

Monitoring. This step consists of controlling a set of parameters, on which
data quality values associated to published web pages depend, and of enacting
updates of such values. As an example, at the pre-fixed instants the evaluation
(or re-evaluation) of dynamic values for data quality dimensions are enacted by
monitoring conditions.

A further activity included in this step consists of the checking of the set of
quality dimensions specified in the definition phase. The checking should regard
both data which are going to be published and already published data, in order
to enact cleaning actions.

The sequence of the publishing steps is shown in Figure 5.

4.3 Cleaning Phase

The cleaning phase concerns the improvement of the quality of source databases
for published data. We propose to engage cleaning actions when the monitor-
ing activity alerts that a specified set of quality constraints is not satisfied by
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Static measurement
• Expiration date and validity intervals
• Completeness
• Source reliability
• Syntactic and Semantic Accuracy

Dynamic measurement

• Volatility
• Completability

Monitoring

• Volatility updates
• Completability updates
• Quality constraints checking

Fig. 5. Different steps in the publishing phase.

published data. There are many research results concerning the cleaning of data
(e.g., [9,8]); but they only address correctness and completeness, among the di-
mensions proposed in the present paper, and consistency, among the dimensions
that have not been considered. No attention is paid to the improvement of source
reliability and dynamic dimensions that we plan to consider in future work. Note
that the cleaning activity may not succeed in improving data as much as it is
necessary to satisfy the defined quality constraints. In such a case, the definition
phase should be newly engaged.

5 An Architecture

The methodological framework described in Section 4 enables to manage data
quality in a WIS. Such a framework can be realized by the software architecture
shown in Figure 6.

The elements specifically introduced for data quality management are:

– a quality knowledge repository and
– a quality manager.

Data values to publish are stored in the data repository; the quality knowledge
repository contains, for each data value both of atomic and aggregated type, the
static values of quality dimensions. Moreover, it also stores historical values for
the estimation of dynamic values of quality dimensions.

The quality manager consists of four modules, namely monitor, quality cal-
culator, quality designer and quality publisher. In order to describe how these
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Fig. 6. An architecture supporting the quality management framework.

modules interact, we distinguish: (i) a publication mode and (ii) an updating
mode.

In the publication mode, the quality designer receives the conceptual elements
representing data to be published together with references to data values from
the module web data design. It also receives the specification of the quality
dimensions to associate to such elements. On the basis of a quality model, such
as GHDM, it associates quality elements to data elements, and produces a quality
schema.

At this point, the quality calculator receives the produced quality schema
and the set of data values references according to which: (i) it reads static data
quality values from the quality knowledge repository; (ii) it calculates dynamic
values. The calculation of dynamic dimensions should be made by interacting
with an operator who provides the module with the real-time information it
needs for.

In the publication mode, the monitor has only the task of checking the set of
quality constraints that have been previously provided by the operator, against
the quality values resulting from the activity of the quality calculator. If the
checking is successful, data and the associated quality values are passed to the
quality publisher, which acts as a bridge towards the external web data publishing
module (that has the task of presenting both data and quality data).

If the checking is not successful, an alert is sent to the operator who has to
take the opportune actions.
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In the updating mode, the monitor plays the most important role. It has some
triggers coded, such as the ones related to pre-fixed instants when dynamic di-
mensions should be re-calculated; in this case, it requests to the quality calculator
to compute again dynamic dimensions, and after the quality constraint check, it
gives new quality values to the quality publisher.

Note that when dynamic dimensions need to be re-calculated at random in-
stant, the monitor is alerted by the operator. Moreover, the monitor has also
some rules to be checked in order to eventually enact cleaning actions; such rules
are derived from quality constraints on the overall quality of published informa-
tion. The quality controls aiming at cleaning should be periodically realized by
the monitor.

6 Implementing the Quality Publisher

In order to publish quality information associated to web-available data, a major
choice is related to which language can easily represent quality data. From a
conceptual point of view, quality data represent a specific kind of metadata,
thus we have chosen Resource Description Framework (RDF)[15,7] to represent
quality data. RDF is currently recommended as a language for the Semantic
Web [5]. The usage of RDF allows for quality data to be queryable not only by
humans, such as web site users, but also by machines; in this way, smart services
for searching or even integrating data could be based on quality data.

This section is structured as follows. We first describe how representing qual-
ity information through RDF in Section 6.1. Then, in Section 6.2 we show some
implementation details of the quality publisher module, introduced in the previ-
ous section .

6.1 Designing the Data Quality File (DQF)

We suppose to publish data as HTML files. In a separate RDF file, called Data
Quality File (DQF), we specify the quality data. An example of a Data Quality
File is shown in the following.

(1) <rdf:RDF xmlns:rdf="http://www.w3.org/1999/02/22-rdf-syntax-ns�"
(2) xmlns:dq="http://DataQualitySchema">
(3) <rdf:Description about = "Scannapieco Monica HomePage�page1">
(4) <dq:DQproperties>
(5) <dq:property>
(6) <dq:Name>Author</dq:Name>
(7) <dq:Info>Monica Scannapieco</dq:Info>
(8) <dq:Comment>Student in Computer Engineering</dq:Comment>
(9) <dq:Image>c:\demo\homepage file\foto.gif</dq:Image>
(10) </dq:property>
(11) <dq:property>
(12) <dq:Name>Last Update</dq:Name>
(13) <dq:Info>29/07/2002</dq:Info>
(14) <dq:Comment>Publications updated</dq:Comment>
(15) </dq:property>
(16) </dq:DQproperties>
(17) <rdf:Description about="Curriculum Vitae� page2">
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(18) <dq:DQproperties>
(19) <dq:property>
(20) <dq:Name>Completability</dq:Name>
(21) <dq:Info>70%</dq:Info>
(22) <dq:Comment>Completed within 12/31/2002</dq:Comment>
(23) <dq:Image>C:\Demo\HomePage file\Completability.jpg</dq:Image>
(24) </dq:property>
(25) </dq:DQproperties>
(26) </rdf:Description>
(27)</rdf:Description>
(28) </rdf:RDF>

We have chosen to represent quality information as RDF properties. Specif-
ically, in our DQF files, a property is defined by:

– a name, representing the name of the property;
– an info, representing the value of the property;
– a comment (optionally), informally describing the property;
– an image (optionally), specifying the name or the path of an image associated

to the property.

In the shown DQF file, some general information are associated to the home
page of a web site related to a researcher (lines 5-10). The web page contains
information related to teaching activities, publications as well as a curriculum
vitae of the researcher. In lines 19-24 a data quality property related to com-
pletability is defined. Specifically, completability information is associated to a
curriculum vitae element; such an information is represented as an image show-
ing the evolution in time of the completeness of the curriculum vitae. In the next
section, a tool for visualizing DQF files is presented and a visualization of the
described DQF file will be also shown.

6.2 Implementation Details

The quality publisher module, introduced in Section 5, has the role of visualizing
quality information associated to Web pages. To such a scope, it has to interact
with a web data publishing module, that has the specific task of visualizing data
(see Figure6).

We have developed a prototype of the quality publisher module, which has
been implemented by a software module called Data Quality Viewer (DQViewer).
DQViewer has been designed as a plug-in of Microsoft’s Internet Explorer (IE),
which is a possible implementation of the web data publishing module.

Once DQViewer is installed, it appears in the list of IE’s plug-ins, as shown
in Figure 7(a). Each time an HTML page is loaded, DQViewer is notified by an
event, and a message is visualized in a window like the one shown in Figure 7(b).

Once the HTML page is completely loaded, DQViewer asks IE for the HTML
source code, and verifies if the page has a Data Quality File associated to it. This
verification is made by looking for a string:
<META DataQualityInfo=‘‘http:\Nomefile.DQF’’>

If the Data Quality File does not exist, a message is shown. Otherwise the
DQF is loaded. At this point, the file is parsed in order to create the HTML
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(a) IE’s list of plugins (b) Starting DQViewer

file that will finally visualize quality information. Specifically, the DQViewer
performs the following steps:

– The DQF is read in order to identify which elements in the HTML page have
quality information associated.

– On the basis of the different nesting levels in the original HTML page, a new
HTML page is constructed containing a tree representing such elements.

– For each element in the tree, a table (Dimension, Description) is con-
structed. In this table, for each quality dimension, a value as well as optional
comments are visualized.

– By selecting each of the tree elements, it is possible to visualize the associated
quality information.

As an example, in Figure 7, the visualization of the DQF file described in the
previous section is shown. In the figure, general information are associated to the
home page element, which is the element at the higher granularity level. Such
information are represented as a table; specifically, the table has two columns,
namely: Dimension and Description. The Dimension values are the author and
the last update of the home page; instead the Description values correspond to
the info, comment and image values associated to the described properties (i.e.,
author and last update).

In the lower part of the DQViewer window, the tree structure of the page
with reference to quality associations is shown. Specifically, the curriculum vi-
tae element is nested within the home page element. By clicking on such an
element, the associated quality information is visualized, as shown in Figure 8.
The visualized dimension is completability; the completability value is 70%, the
t max value (see Section 2) is January 31th 2001 and the evolution in time of
the function C(t) is shown by an image.
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Fig. 7. Visualizing metadata with DQViewer.

7 Related Work

In the literature, methodological frameworks to manage data quality within sin-
gle information systems [24] and cooperative information systems [6] have al-
ready been proposed; instead, as of our knowledge, a methodological proposal
to manage data quality in WIS’s has not yet been addressed.

Most of the work that is relative to both data quality and web regards the as-
sessment of the quality of web sites [1,3,11]. In [19], a Quality Evaluation Method
(QEM) is proposed to assess the quality of academic web sites, by proposing
more than a hundred characteristics. This approach allows an evaluation of the
accomplishment of the characteristics required by web sites. Our perspective is
different, as we give a method to declare the quality of the published information,
more than to evaluate it “a-posteriori”.

In [17], the problem of the quality of web available information has been
faced in order to select data with high quality coming from distinct sources:
every source has to evaluate some pre-defined data quality parameters, and to
make their values available through the exposition of metadata. The approach
proposed in this article is complementary to the one proposed in [17]. In fact,
on one hand, our approach suggests a framework for the management of quality
information associated to data. On the other hand, our focus is not on selecting
sources on the basis of the quality of the provided data, but on considering
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Fig. 8. Visualizing quality metadata with DQViewer.

the quality information of data published within a single site; in this case the
published quality information can be detailed in a more specific way, including
a dynamic characterization of dimensions.

8 Concluding Remarks

The data quality dimensions for data in web information systems proposed in
the present paper are on one hand a subset of the most typical dimensions in
data quality literature, and on the other hand provide an original view on these
dimensions, since the dynamic evolution of web data is taken into account with
information about the volatility and completability of web data.

The proposed data quality dimensions may be associated both to atomic and
aggregated data in web pages. The main purpose is to provide clients and users
accessing contents of web pages with a way to evaluate such an information with
respect to its quality. The evaluation of data quality in WIS’s may provide a
way to guide users to select pages and to decide when to retrieve and make use
of given information.

As for WIS’s categories that could better benefit from the proposed ideas and
architecture, we refer to the classification of Web sites give in [16]. According to
this classification, four quadrants can be identified by drawing complexity of ap-
plications vs. complexity of data, and distinguishing HIGH and LOW complexity
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levels for both applications and data. Specifically, the categories that could bet-
ter benefit from the proposed approach are the two ones corresponding to HIGH
data complexity, namely: (i) catalogue site (also called data intensive), with
HIGH data complexity and LOW applications complexity and (ii) Web-Based
Information Systems, with HIGH data and applications complexities. In fact,
when dealing with huge amounts of data, it is more relevant and may become
crucial to have an automated framework for the evaluation of their quality.

The proposed framework needs to be further refined in some directions.
First of all, there is a need to study whether other dimensions traditionally
proposed in data quality literature are applicable and useful in WIS’s. In
addition, the proposed approach associate quality attributes either to atomic
elements or to aggregates. It is interesting to provide algorithms to derive
quality information in aggregate web data from quality information associated
to atomic elements. Another aspect which needs further investigation is the
periodical nature of publication of information. For instance, the publication
of course programs is periodical (i.e., yearly, or semester based), information
about new degrees is published on a yearly base. Further research is needed to
relate the periodical nature of information and data quality information about
expiration and volatility of information.
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Abstract. Anonymous resources and meta statements are two of the
more interesting features of RDF — an emerging standard for repre-
senting semantic information on the Web. Ironically, when RDF was
standardized by W3C over three years ago [24], it came without a se-
mantics. There is now growing understanding that a Semantic Web lan-
guage without a semantics is an oxymoron, and a number of efforts are
directed towards giving RDF a precise semantics [17,15,11]. In this paper
we propose a simple semantics for anonymous resources and meta state-
ments in F-logic [23] — a frame-based logic language, which is a popular
formalism for representing and reasoning about semantic information on
the Web [29,14,16,13,12].
The choice of F-logic (over RDF) as a basis for our semantics is moti-
vated by the fact that F-logic provides a comprehensive solution for the
problem of integrating frames, rules, inheritance, and deduction, and it
has been shown to provide an effective inference service for RDF [13,28].

1 Introduction

RDF [24] was proposed as a standard for representing semantic information on
the Web. Ironically, the specification of RDF did not formally define a semantics.
Fortunately this peculiar situation is currently being rectified by a number of
efforts [17,15,11].

While much of the RDF syntax is first-order in nature, reification, which is
involved in expressing meta statements like “Tom believes that Alice said that
RDF is a good idea”, is not. In fact, when left to its own devices, reification can
lead to logical paradoxes. In Section 8 we explain why this problem does not arise
in our framework. Related to this is the issue of anonymous resources, which in
RDF are invoked to express statements such as “A person, called Ora Lassila,
is the creator of RDF.” In this paper, we propose a simple model-theoretic
semantics for both of these issues using F-logic [23] as the underlying formalism.
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The choice of F-logic is motivated by several considerations. First, it has been
a popular vehicle for ontology-based information mediation and representing
semantic information on the Web whenever complex inference is required [20,22,
29,14,16,12]. As such applications grow in complexity, the need for an inferencing
service will increase. For instance, [13] envisions F-logic precisely as such a service
for RDF. A number of initiatives (e.g., RuleML1) have sprung up to promote
the use of rule-based reasoning for processing semantic information on the Web,
and F-logic and its derivatives are some of the languages being considered.

Our contention is that a model theory for RDF must be considered as part of
a more general framework, because experience shows that semantics developed
for a limited language like RDF might not generalize. For instance, rules and
inheritance are some of the issues whose subtle influence is not apparent in the
restricted setting of RDF [31]. In fact, we argue that the current proposal for
the RDF model theory [15] has several weaknesses, such as non-compositionality
(see Section 6), which might cause problems down the road. We also point out
that there are at least two different useful notions of entailment for RDF graphs
(see Section 5), but only one is currently reflected in the RDF model theory
document [15].

The idea of embedding RDF into a larger theory is, of course, not new. Em-
bedding RDF into F-logic was proposed in [13], and in [17] the same was done
for KIF [19]. Both proposals are incomplete, however, as they do not address
reification and anonymous resources — the main subject of the present paper.
The embedding into F-logic would have been complete if F-logic, as described
in [23], had support for these two features. We are rectifying this situation in
the present work. Our proposed semantics is conceptually very simple2 and is in-
spired by HiLog [10] — a logic language that provides a foundation for tractable
higher-order logic programming — and by the treatment of anonymous object
identities in Flora-2 [30,33] — a powerful frame-based language for knowledge
representation and reasoning, which is based on F-logic, HiLog, and Transac-
tion Logic [4,5]. By incorporating reification into the F-logic model theory we
provide a model theory for reification in RDF and extend it with powerful meta-
programming and inferencing capabilities, which F-logic is known for.

Embedding into F-logic also provides an immediate practical benefit. There
are already F-logic based systems, such as Flora-2 [30,33] and TRIPLE [28],
which support reification and have RDF handling capabilities. In particular,
Flora-2 implements the proposed semantics and provides full support for
frame-based representation, rules, inheritance, meta-programming, database up-
dates, and more — all in a clean logical fashion. It has already been used in a
number of projects ranging from data integration in neuroscience [21] to pro-
cessing semistructured and semantic information on the Web [12].

This paper is organized as follows. Section 2 surveys the necessary back-
ground from F-logic and HiLog. Section 3 motivates the proposed extensions to

1 http://www.ruleml.org
2 While it is simple, it is not obvious, as a number of authors believed that F-logic

does not generalize to deal with reification [7,13,28].
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F-logic from the point of view of modeling using RDF. Section 4 formally treats
the semantics of the proposed extensions. Sections 6 and 7 discuss the properties
of the semantics introduced in Sections 4 and 5 and point out some problems
with the current proposal for the RDF model theory [15]. Section 8 discusses the
paradoxes that are often lurking in logical theories that support reification and
explains why these problems are avoided in our framework. Section 9 concludes
the paper.

2 Preliminaries

In this section we review the main ideas behind F-logic [23] and HiLog [10] —
the two formalisms that form the basis for our proposed semantics.

2.1 F-Logic

F-logic is an extension of classical predicate logic which allows frame-based (or
object-oriented) syntax, and has a natural model-theoretic semantics, and sound
and complete proof theory.

F-logic uses Prolog ground (i.e., variable-free) terms to represent object
identities (abbr., oids), e.g., john and father(mary). Objects can have functional
(single-valued), multivalued, or Boolean attributes, for example:

mary[spouse→ john, children→→{alice, nancy}].
mary[children→→ jack].
mary[married].

Here spouse→ john is a single-valued attribute specification; it says that mary
has an attribute spouse, whose value is a singleton oid john. The specification
children→→{alice, nancy} says that children is a multivalued attribute; its value
in the context of the object mary is a set that includes the oids alice and nancy.
We emphasize “includes” because a set does not need to be specified all at once.
For instance, the second fact above says that mary has one additional child,
jack. Note also that we usually omit the braces while specifying a singleton set.
The last clause is an example of a Boolean attribute: it states that the value of
married is true for the object mary.

While some attributes of an object can be specified explicitly as facts, other
attributes can be defined using inference rules. For instance, we can derive
john[children→→{alice, nancy, jack}] with the help of the following inference rule:

X[children→→{C}] :− Y[spouse→X, children→→{C}].
Here we adopt the usual Prolog convention that capitalized symbols denote
variables, while symbols beginning with a lowercase letter denote constants.

F-logic objects can also have methods, i.e., functions that return a value or
a set of values when appropriate arguments are provided. For instance,

john[grade(cs305,f2002)→ 100, courses(f2002)→→{cs305, cs306}].
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says that john has a single-valued method, grade, whose value on the arguments
cs305 and f2002 is 100, and a multivalued method courses, whose value on the
argument f2002 is a set of oids that contains cs305 and cs306. As attributes,
methods can also be defined using rules.

In addition, class memberships (e.g., john : student), subclass relationships
(e.g., student :: person), types (e.g., person[name⇒ string]), and many other
things can also be specified — both statically, as facts, and dynamically, via
rules.

In the sequel, we will consider only multivalued attributes and ignore the rest
of the features — the results of this paper extend straightforwardly to include
class membership, subclass relationship, methods, types, etc.

2.2 HiLog

HiLog was introduced in [9,10] to provide a convenient syntax and tractable
model theory to higher-order logic programming. The main highlights of this
language are the variables that can range over both function and predicate sym-
bols and a complete elimination of the barrier between predicate formulas and
first-order terms. In this way, HiLog provides a natural syntax and semantics for
reification: a statement can be a formula and an object at the same time.

We illustrate HiLog through examples. The simplest yet most unusual one is
the definition of the standard Prolog meta-predicate call:

call(X) :− X.

In this example, HiLog does not distinguish between function terms and atomic
formulas: the same variable can range over both. Therefore, one can reify state-
ments and reason about them in the same language. For instance, we can state
that Bob believes (among other things) that Mary likes RDF as follows:

believes(bob,likes(mary,rdf)).

and then state that whatever Bob believes is true:

X :− believes(bob,X).

Variables can also range over function symbols, as in X(Y, a). A query
of the form ?− p(X),X,X(Y,X) is well within the boundaries of HiLog. The
syntax for HiLog terms also extends that of classical logic. For instance,
g(X)(f(a,X),Y)(b,Y) is perfectly fine. Of course, such powerful syntax should
be used sparingly, but people have found many important uses for these fea-
tures. For instance, the following simple program defines transitive closure of
any binary relation. The program defines a higher-order predicate constructor
closure, which takes a binary predicate as a parameter and yields a first-order
predicate:

closure(Pred)(X,Y) :− Pred(X,Y).
closure(Pred)(X,Y) :− Pred(X,Z), closure(Pred)(Z,Y).
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Here Pred is a variable that ranges over predicate symbols. When it is bound
to a particular symbol, say parent, the above program would compute the re-
lation closure(parent), i.e., the ancestor relation. More examples of this kind of
programming are found in [10].

When combined with F-logic, HiLog enables powerful meta-programming
features [23,30,33]. For instance, we can define an attribute, methods, whose
value for any object is the set of the names of unary and binary single-valued
methods defined for that object:

X[methods→→{M}] :− X[M(A)→V].
X[methods→→{M}] :− X[M(A1,A2)→V].

Since the main focus of this paper is reification and anonymous identity, in
the rest of this paper we will consider only the subset of HiLog that enables
reification and combine it with F-logic. Indeed, the use of HiLog to enhance
meta-programming in F-logic was discussed in [23,30], but its use for supporting
reification has not been considered.

3 Supporting RDF in F-Logic

It was argued in [13] that F-logic is a natural formalism to provide semantics
and inference service for RDF(S) [24]. However, some important aspects, such
as anonymous resources, containers, and reification were left out because the
original F-logic [23] did not support them. In this section we illustrate on a
number of examples that all these features can be supported by slightly extending
the logic with anonymous ID symbols and reified statements. Formal treatment
of this extension is given in Sections 4 and 5.

3.1 RDF Data Model

First, we briefly recall the RDF data model, which can be represented as triples,
as a graph, or in XML [24]. These representations have equivalent meaning but
here we will mainly use triple syntax and XML to present RDF data (see [24]
for more details). An RDF document is a finite set of statements of the form
{predicate, subject, object} [24], where predicate is a property, subject is a re-
source, and object is a resource or a literal. A set of RDF statements can also be
viewed as a directed labeled graph, where the vertexes are the resources and the
literals, and a triple {p, s, o} represents an arc from s to o, labeled with p.

A resource describes a real or conceptual entity (e.g., John Doe). Typically, re-
sources are represented as URIs [2]. But they can also be anonymous (e.g., some-
one). For instance, the URI, http://www.w3.org/TR/REC-rdf-syntax, represents
the abstract concept of RDF itself. URIs are considered as logical constants refer-
ring to entities. In this paper when we use triple syntax to present RDF data, we
will enclose URIs using a pair of square brackets, e.g., [http://foo.org/TheBulb].
For simplicity we will ignore aspects of meaning encoded in particular URI forms
and just treat URI references as simple names.
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A property is a predicate that specifies a binary relationship (e.g., parent). In
RDF, properties form a subset of resources and are also represented using URIs.
Property names must be associated with a schema or vocabulary. Usually we use
QName syntax (see XML Namespaces specification [6] for more details) to denote
property names, e.g., rdf:type, where rdf can be defined as an XML namespace
prefix referring to http://www.w3.org/1999/02/22-rdf-syntax-ns#, the URI of the
(conceptual) vocabulary of RDF properties. For simplicity we sometimes omit
the namespace prefix and just write the property name in triple syntax, e.g.,
[inventor]. How XML namespaces are resolved is orthogonal to the results of this
paper.

Finally, literals are constants in some primitive data types, such as string
or number. The meaning of a literal is principally determined by its character
string: it either refers to the value mapped from the string by the associated data
type, or the literal itself when no data type is provided. In all of our examples
here literals are just character strings. We normally denote literals using a pair
of double quotes in triple syntax, e.g., “Thomas Edison”.

However, there is slightly a deviation to represent RDF in F-logic. For sim-
plicity in illustration, we will use atomic constants (sometimes enclosed in single
quotes) to denote URIs, properties, and literals, e.g., ’http://foo.org/TheBulb’,
’rdf:type’, ’Thomas Edison’. In real implementation the semantics of these names
and notations can be resolved by a separate procedure.

3.2 Anonymous Object Identity

Representation of RDF statements with named resources in F-logic is straight-
forward. For instance, the following sentence

Thomas Edison is the inventor of the bulb (represented by a resource
with the URI http://foo.org/TheBulb).

can be represented as a triple

{[inventor], [http://foo.org/TheBulb], ”Thomas Edison”}
where the notation [ref] denotes the resource identified by the URI ref and a
string enclosed in double quotes denotes a literal. In F-logic, the same statement
is written like this:

’http://foo.org/TheBulb’[inventor→→ ’Thomas Edison’].

One difficulty arises when we try to translate RDF statements that include
anonymous resources, i.e., resources that are not named explicitly. This kind of
resources are involved in expressing statements such as

Someone, named Thomas Edison, born in 1847, is the inventor of the
resource http://foo.org/TheBulb.

The intent here is to make a structured resource without a known object ID and
state that it has two properties, name and born, with the above values. In RDF,
this sentence would be represented using triple syntax as follows:
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{[name], [X], “Thomas Edison”}
{[born], [X], “1847”}
{[inventor], [http://foo.org/TheBulb], [X]}

Here [X] represents an anonymous resource.

Objects with anonymous IDs were not envisioned in the original work on
F-logic [23], but were introduced in Flora-2 [33,30] — our implementation of
F-logic that extends it with many additional concepts. To represent such ob-
jects, Flora-2 uses a special symbol, #, called an unnumbered anonymous ID
symbol, and another countable set of symbols, #1, #2, ..., etc., called numbered
anonymous ID symbols. The intended meaning (which is formalized in Section 4)
is that each occurrence of # denotes a distinct object ID that does not occur
anywhere else in the program. All occurrences of the same numbered anonymous
ID symbol, e.g. #1, within the same scope are treated as representing the same
object ID, but this ID is distinct from any other ID used elsewhere in the pro-
gram (including the occurrences of #1 in a different scope). The notion of scope
is formalized in Section 4, but for our current purposes let us assume that the
scope of numbered anonymous ID symbols extends over the entire clause (where
each clause is terminated with a “.” and comma represents the conjunction).
Thus, the above statement can be represented in Flora-2 as follows:

’http://foo.org/TheBulb’[inventor→→ #1],
#1[name→→ ’Thomas Edison’, born→→ ’1847’].

Note that here the two occurrences of #1 are within the same clause and thus
the same scope. So they refer to the same object. If we want to state that someone
invented the bulb and someone called Thomas Edison was born in 1847, then we
could write

’http://foo.org/TheBulb’[inventor→→ #],
#[name→→ ’Thomas Edison’, born→→ ’1847’].

Here we use unnumbered anonymous ID symbols and, even though they occur
within the same scope, they represent different objects.

Anonymous resources are also frequently used to represent containers in
RDF. For example, the following sentence

The committee of Fred, Wilma, and Dino approved the resolution.

can be expressed using the Bag container of RDF and would be written in the
RDF syntax as follows:
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<rdf:RDF>
<rdf:Description about=”http://xyz.org/resolution”>

<approvedBy>
<rdf:Bag>
<rdf:li resource=”http://xyz.org/members/Fred”/>
<rdf:li resource=”http://xyz.org/members/Wilma”/>
<rdf:li resource=”http://xyz.org/members/Dino”/>

</rdf:Bag>
</approvedBy>

</rdf:Description>
</rdf:RDF>

In Flora-2 , the same sentence can be represented as follows:3

#1[
’rdf:type’→ ’rdf:Bag’,
’rdf: 1’→ ’http://xyz.org/members/Fred’,
’rdf: 2’→ ’http://xyz.org/members/Wilma’,
’rdf: 3’→ ’http://xyz.org/members/Dino’

],
’http://xyz.org/resolution’[approvedBy→→ #1].

Again, here the two occurrences of #1 are within the same scope and thus
represent the same object. The first occurrence represents a Bag object and the
second occurrence refers to this object.

3.3 Reified Statements

Reification in RDF is used to make meta statements, i.e., statements about
statements. Since statements are formulas, making statements about them means
that formulas must be somehow treated as objects. To represent the following
statement

Someone named John Doe believes that a person, called Thomas Edison,
invented the bulb (resource http://foo.org/TheBulb).

using RDF triple syntax one would have to write a rather convoluted expression
below:

3 F-logic provides other, more natural ways of expressing the same thing, like, for in-
stance, ’http://xyz.org/resolution’ [approvedBy →→ {’http://xyz.org/members/Fred’,
’http://xyz.org/members/Wilma’, ’http://xyz.org/members/Dino’}]. The cumbersome
statement above is intended to mimic the structure of the corresponding RDF state-
ment.
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{[type], [X], [RDF:Statement]}
{[predicate], [X], [inventor]}
{[subject], [X], [http://foo.org/TheBulb]}
{[object], [X], [Y]}
{[name], [Y], ”Thomas Edison”}
{[name], [Z], ”John Doe”}
{[believes], [Z], [X]}

Here a new, anonymous resource X is used as a referent to the following reified
statement

A person, called Thomas Edison, invented the bulb.

This is expressed by the first four triples, which say that: (1) X represents
an RDF statement; (2) its predicate is inventor; (3) its subject is the URI
http://foo.org/TheBulb; and (4) its object is another anonymous object Y. In
the fifth triple we say that this latter object has property name with the value
”Thomas Edison”. The sixth statement says that there is an anonymous object Z
with property name whose value is ”John Doe”. Finally, the last statement says
that object Z has property believes with value X — the anonymous resource that
represents the reified statement that a person, called Thomas Edison, invented
the bulb.

In our extension to F-logic this statement can be modeled in the following
much more natural way:

#[
name→→ ’John Doe’,
believes→→
(’http://foo.org/TheBulb’[inventor→→ #1], #1[name→→ ’Thomas Edison’])

].

Note that here the formula ’http://foo.org/TheBulb’[inventor→→ #1] itself is an
object — not some other object ID that refers to this formula. We will argue in
Section 7 that this syntax and its corresponding semantics is superior to that of
the current proposal for RDF model theory [15]. It also permits more interesting
reasoning to be easily performed over reified statements (see Section 7).

We should note that the above syntax is not the actual syntax of
Flora-2 [33] and is also quite different from the F-logic syntax as described
in [23]. We decided to depart from that syntax in this paper in order to avoid
the distraction that would result from the introduction of additional features of
F-logic and Flora-2 , and in order to simplify the formal development of the
model theory in Section 4. In fact, the actual syntax of Flora-2 is much richer,
which allows to write the above and the earlier sentences more succinctly:

#[
name→→ ’John Doe’,
believes→→

${’http://foo.org/TheBulb’[inventor→→ #[name→→ ’Thomas Edison]]}
].
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That is, in the actual Flora-2 syntax, reification is specified using the ${...}
construct and the statement inside of ${...} is a shorthand for the conjunc-
tion of two F-logic statements: ’http://foo.org/TheBulb’[inventor→→ #1] and
#1[name→→ ’Thomas Edison’]. The interested reader is referred to [33] for the

details.
In Section 4, we discuss the notions of RDF graph entailment and equivalence

and show that there are at least two such notions, both useful, but only one is
currently considered by the RDF model theory proposal [15].

4 Formal Syntax and Semantics

In this section we formally define the syntax and semantics of an F-logic language
extended with anonymous identity and reification. We will continue to call this
extension “F-logic” in order to avoid introducing yet another name.

To simplify the exposition, we focus on a subset of the new F-logic syntax.
The only kind of atoms we consider here is in the form of o[m→→ v], which
specifies that the object o has a multivalued method, m, that returns some set
of objects, which contains v as a member. The symbols o, m, and v are F-logic
terms (to be defined below); they represent the ID of an object, a method,
and a value of the method, respectively. In a program, these terms can contain
variables in which case they would represent a parameterized collection of objects
— one object per variable instantiation. This design makes meta-programming
in F-logic as natural as querying.

An F-logic language L consists of a set of constants, C; a set of variables, V;
an unnumbered anonymous ID symbol, #; numbered anonymous ID symbols,
#1, #2, ... (for each positive integer); connectives including ¬, ∨, ∧, and←;

quantifiers including ∃ and ∀; and auxiliary symbols, such as comma, parentheses,
and brackets. In defining the semantics for F-logic programs, we will assume an
a priori fixed F-logic language L.

Intuitively, an occurrence of an unnumbered anonymous ID symbol implies
a distinct object that is different from any object represented by any other
term. Moreover, two occurrences of # represent two distinct objects. Num-
bered anonymous ID symbols are similar, but with a twist. Different occurrences
of #N and #M, where N �= M, represent distinct objects. However, different
occurrences of #N (with the same number N) within the same scope refer to
the same object. This meaning of “scope” will be made precise later, when we
give a formal semantics.

Formally, F-logic terms and atoms are constructed inductively as follows.
The idea of this construction is borrowed from HiLog [9,10] and is extended to
accommodate reification of F-logic atoms (statements).

Definition 1 (Terms and Atoms). Given an F-logic language L, the terms
and atoms are defined inductively as follows:

– Any constant c ∈ C is a term.
– Any variable X ∈ V is a term.
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– Unnumbered or numbered ID symbols, #, #1, #2, ..., are terms.
– If t is a term and t1, ..., tn are terms, then t(t1, ..., tn) is a term.
– Any term in any of the above forms is called a HiLog term. Note that ex-

pressions like p(a, p(X)(Y))(W, q)(f(X)) are HiLog terms according to this
definition.

– If o, m, and v are terms, then o[m→→ v] is a term, also called an F-logic term.
– If A1 and A2 are terms, then their conjunction, A1 ∧ A2, is a term.

Definition 2 (Flat Formula).

Reification: Any term is also a formula. In particular, any HiLog atom or
F-logic atom is called an atomic flat (HiLog or F-logic) formula.

Composition: If φ and ψ are flat formulas, then so are
– ¬φ
– φ ∨ ψ and φ ∧ ψ
– φ ← ψ, which is defined to be just a shortcut for φ ∨ ¬ψ
– ∃Xφ and ∀Xφ, where X ∈ V is a variable.

Note that both F-logic and predicate terms (or, more precisely, HiLog terms)
are atomic formulas in our language. In this way, both relational and object-
oriented programming are supported. The last two cases in Definition 1 and the
first case in Definition 2 state that atomic formulas as well as their conjunctions
are terms and so are first-class objects in the language. In particular, as we shall
see, variables can range over such formulas. This makes the syntax higher-order
and provides support for reification. However, the semantics needs to be carefully
defined so as to stay tractable and first-order in the sense of [9,10].

Now we will define interpretations, i.e., the semantic structures that give
meanings to F-logic formulas and programs. Our definitions follow the standard
convention except that we need to take special care of the anonymous ID sym-
bols and reified statements. To this end, we first have to define the domain of
interpretations. In classical logic programming, the domain is typically the set
of all ground terms in the language, which is called the Herbrand universe. In
our case, however, the domain must also include the constants that are used to
interpret the anonymous ID symbols. This idea is formalized next.

Definition 3 (Augmented Herbrand Universe). Let L be an F-logic lan-
guage, C be the set of constants in L, and D be a countable set of constants that
is disjoint from C. We shall call D an anonymous domain, since it will be used
to interpret the anonymous ID symbols. The augmented Herbrand universe of
L with respect to D, denoted HU(D), is the set of all terms (see Definition 1)
constructed using the constants in C ∪D. Note that in constructing the terms for
HU(D), variables and anonymous ID symbols are excluded. Such variable-free
terms are called ground.

Definition 4 (Interpretation). Given an F-logic language L, an interpreta-
tion I is a pair (D,S), where
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– D is an anonymous domain, i.e., a countable set of constants that is disjoint
from C (the set of all constants in L).

– S is a subset of HU(D), the augmented Herbrand universe of L with respect
to D. Moreover, S is allowed to contain atomic formulas only. Intuitively,
S represents “what is true” in I.4

The above definition differs from those used in classical logic programming,
HiLog, and the original F-logic in its use of the anonymous domain. One signif-
icant impact of this domain is that the Herbrand universes of different models
are different when they use different anonymous domains. To be more precise,
the ground terms that are constructed using the constants in C are the same in
all Herbrand universes, but the terms that involve the constants from anony-
mous domains may not be shared. In classical theory of logic programming all
interpretations have the same domain — the Herbrand universe. Our definitions
reduce to classical ones when there are no anonymous ID symbols and thus no
anonymous domains.

Since interpretations can have different domains, there are many ways to
compare interpretations. One possibility is by set inclusion. However, it only
makes sense for interpretations over the same domain. Another alternative in-
volves domain mapping and domain isomorphism. Formally, we have the follow-
ing definitions.

Definition 5 (Domain Mapping). Let D1 and D2 be two anonymous domains
with respect to an F-logic language L and let C be the set of constants in L. Then
any function τ : D1→D2 is called an anonymous domain mapping. Any function
λ : D1→D2 ∪ C is called an augmented domain mapping.

For any t ∈ HU(D1), τ(t) is a term obtained from t by simultaneously replac-
ing every constant d ∈ D1 with τ(d) and leaving the constants in C intact. For
any S ⊆ HU(D1), τ(S) = {τ(x) | x ∈ S}. λ(t) and λ(S) are defined similarly.

Definition 6 (Ordering and Isomorphism). Let D1 and D2 be two anony-
mous domains, and I1 = (D1,S1) and I2 = (D2,S2) be two interpretations.

– We write I1 � I2 iff there is an 1-1 anonymous domain mapping τ : D1→D2

such that τ(S1) ⊆ S2. We will write I1 ≺ I2 if τ(S1) � S2.
– I1 is isomorphic to I2, denoted I1 � I2, iff I1 � I2 and I2 � I1.

Before we can give semantics to formulas that contain anonymous ID sym-
bols, we need to introduce one more notion, the scoped formulas. Recall from
Section 3 that the intended meaning of a numbered anonymous ID symbol is
that two different occurrences of the same symbol within the scope of the same
4 Note that in classical logic programming an interpretation would contain a subset

of the Herbrand base — a set of atomic formulas (which is distinct from the set of
terms that comprises the Herbrand universe). However, in our case (as in HiLog),
atomic formulas are reified and thus the Herbrand base and the Herbrand universe
are the same.
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rule denote the same object; otherwise, they potentially refer to different objects.
The notion of scoped formulas allows us to extend this idea to more general types
of formulas.

Definition 7 (Scoped Formula).

– If φ is a flat formula, then { φ } is a scoped formula.
– If ψ and ξ are scoped formulas, then so are ψ ∨ ξ and ψ ∧ ξ.

Note that our definition of scoped formulas is such that the scoping braces,
{. . .}, always apply only to the top level conjuncts and disjuncts. For in-
stance, { #1[loves→→mary] } ∧ { ∃X( #1[child→→X]) } is a valid scoped for-
mula whereas { #1[loves→→mary] } ∧ ∃X( #1[child→→X]) is not. Although we
could define even more general scoping rules, including nested scoping, the prac-
tical utility of this complication is unclear and we will not introduce it in this
paper.

An F-logic program is a finite collection of scoped rules where all variables
are universally quantified. A rule has the following form:

{ ∀(A1 ∧ . . . ∧ Am← B1 ∧ . . . ∧ Bn) }
where m ≥ 1, n ≥ 0, Ai (1 ≤ i ≤ m) and Bj (1 ≤ j ≤ n) are atoms, and only the
rule head (the Ai’s) is allowed to have anonymous ID symbols. Note that each
rule is a scoped formula where the scope is the entire rule. Thus an F-logic
program can be thought of as a scoped formula formed by conjoining all the
scoped formulas corresponding to the rules.

Before proceeding, we would like to point out that our theory of anonymous
identity, which will be introduced below, is not restricted to clauses of the above
form. We choose to limit our attention to rules without negation in the body in
order to focus on the problem of modeling of blank nodes in RDF. The theory
presented herein can be readily extended to F-logic programs with negation and
inheritance by combining it with the semantics described in [31,32].

Following the standard convention, we will omit universal quantifiers in the
rules and since the scope is the entire rule we will omit the scoping braces as
well. Thus, rules will be simply written as follows:

A1, . . . ,Am← B1, . . . ,Bn

We will continue to use the convention from Section 2 whereby uppercase names
denote variables and lowercase names denote constants. A rule with an empty
body is called a fact. When writing down the facts, we will omit the implication
symbol and simply show the head.

Definition 8 (Skolemization). Let φ be a scoped formula and D be an anony-
mous domain. A skolemization of φ with respect to D, denoted ΠD(φ), is a for-
mula obtained as follows:

– If φ = ψ∨ϕ such that φ and ϕ are scoped formulas, then ΠD(φ) = ΠD1(ψ)∨
ΠD2(ϕ), where D = D1 ∪ D2 and D1 ∩ D2 = ∅.
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– If φ = ψ∧ϕ such that φ and ϕ are scoped formulas, then ΠD(φ) = ΠD1(ψ)∧
ΠD2(ϕ), where D = D1 ∪ D2 and D1 ∩ D2 = ∅.

– If φ = { ψ }, where ψ is a flat formula, then ΠD(φ) = skolem(D, ψ), where
skolem(D, ψ) is defined as follows:
• Different occurrences of the same numbered ID symbol are mapped into

the same constant in D, but different numbered anonymous ID symbols
( #M and #N, where M �= N) in ψ are mapped to distinct constants in
D.
• Every occurrence of the unnumbered anonymous ID symbol, #, in ψ

is mapped to a distinct constant in D (i.e., different from the constants
chosen for the numbered ID symbols).

Note that, in a flat formula, each occurrence of the unnumbered anonymous
ID symbol # is mapped to a different element of D, but all occurrences of
the same numbered anonymous ID symbol, say #1, are mapped to the same
distinct element of D. Also observe that two occurrences of the same numbered
ID symbol, say #1, under different scopes are mapped to different elements. For
instance, consider a scoped formula { φ } ∧ { ψ }. Then occurrences of #1 in φ
are going to be skolemized differently from those in ψ. This fact is a consequence
of partitioning D into disjoint D1 and D2 in the first two cases of Definition 8.

Another way of looking at ΠD(φ) is that it is just like a flat formula, with no
scope and no anonymous ID symbols, but some of the symbols in that formula
might come from the anonymous domain D. The following example illustrates
skolemization.

Let D = {o1, o2, o3, o4, . . .} be an anonymous domain and P be the following
simple F-logic program:

#[ #→→ #1], #1[name→→mary].
#1[name→→ ’Ora Lassila’], ’RDF’[creator→→ #1].

Note that according to our definition of F-logic programs, the above program is
a shortcut for the following scoped formula:

{ #[ # →→ #1] ∧ #1[name →→ mary] }
∧

{ #1[name →→ ′OraLassila′] ∧ ′RDF′[creator →→ #1] }
If we map the first occurrence of # to o1, its second occurrence to o4, both
occurrences of #1 in the first rule to o2, and both occurrences of #1 in the
second rule to o3, then we obtain the following skolemization ΠD(P):

o1[o4→→ o2], o2[name→→mary].
o3[name→→ ’Ora Lassila’], ’RDF’[creator→→ o3].

A different way of mapping anonymous ID symbols to the constants in D (e.g.,
where the first occurrence of # is mapped to o4 and the second to o1) would
lead to a different skolemization of P. Both mappings are valid skolemizations,
however, as they satisfy the conditions of Definition 8.

We can now define what it means to be a model of a given scoped formula.
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Definition 9 (Model). Let I = (D,S) be an interpretation and φ be a scoped
formula. Then I is a model of φ, denoted I |= φ, if and only if there is a
skolemization, ψ = ΠD(φ), of the formula φ such that S |= ψ, where S |= ψ is
defined in the classical sense:

– If ψ is an atom, then S |= ψ iff ψ ∈ S.
– If ψ = ¬ϕ, then S |= ψ iff it is not the case that S |= ϕ.
– If ψ = ϕ ∨ ξ, then S |= ψ iff either S |= ϕ or S |= ξ.
– If ψ = ϕ ∧ ξ, then S |= ψ iff S |= ϕ and S |= ξ.
– If ψ = ∃Xϕ, then S |= ψ iff there is t ∈ HU(D) (a term in the augmented

Herbrand universe) such that S |= ψ[X/t], where ψ[X/t] denotes the formula
obtained from ψ by substituting t for all free occurrences of the variable X.

– If ψ = ∀Xϕ then S |= ψ iff for all t ∈ HU(D), S |= ψ[X/t].

Lemma 1. If I |= φ and I � J , then J |= φ. Thus, the set of models of a
formula is closed under isomorphism.

Proof. Let I = (D1,S1) and J = (D2,S2). Since I |= φ, it follows that there
is a skolemization, ψ1 = ΠD1(φ), of the formula φ such that I |= ψ1. Because
I � J , there is an 1-1 anonymous domain mapping τ : D1 → D2 such that
τ(S1) = S2. Let ψ2 = τ(ψ1). By structural induction, we can show that if
I |= ψ1, then J |= ψ2. It can be easily shown using Definition 8 that ψ2 is a
valid skolemization, ψ2 = ΠD2(φ), of the formula φ. Therefore J |= φ.

We can now develop a fixpoint model theory analogously to the classical
theory of logic programming. This would provide one computational model for
the proposed semantics. Let P be an F-logic program. We will show that P has a
property similar to the least model property of logic programs. Of course, given
that different models of P can have different anonymous domains, there can be
no unique “least” model. However, such models are all isomorphic. These notions
are made precise in the following definitions and lemmas.

Definition 10 (Initial Model). Given an F-logic program P and an interpre-
tation I, I is an initial model of P, iff

– I is a model of P, i.e., I |= P; and
– I is minimal, i.e., there is no J |= P such that J ≺ I.

To construct initial models, we will adapt the classical fixpoint theory for
Horn programs to the case of F-logic programs with anonymous ID symbols
and reified statements. Namely, we will define a program consequence operator
whose least fixpoint computes an initial model of a given F-logic program.

Note that the F-logic programs described here can contain reified statements
and a reified statement can be a conjunction of atomic formulas. Therefore, such
conjunctions of atomic formulas can be deduced. The consequence of inferring
a conjunction is that each constituent atomic formula in the conjunction is also
deduced and added to the model. Let A be a conjunction of atomic formulas.
We will use flatten(A) to denote the set of atomic formulas that appear in A.
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Definition 11 (Program Consequence Operator). Let P be an F-logic pro-
gram, D be an anonymous domain, and ΠD(P) be a skolemization of P with
respect to D. Similarly to [25], we can define a program consequence operator,
TΠD(P), which maps an interpretation, I = (D,S), over D to another interpre-
tation over D as follows: TΠD(P)(I) = J , where J = (D,R) and R is the
following set of terms:


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

A

∣
∣
∣
∣
∣
∣
∣
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There is a ground instance A1, . . . ,Am← B1, . . . ,Bn

of a rule in ΠD(P) such that:

– A ∈ flatten(Ai), for some 1 ≤ i ≤ m; and
– Bj ∈ S for all Bj, 1 ≤ j ≤ n.






Let I = (D,S) and J = (D,R) be two interpretations. We write I ⊆ J iff
S ⊆ R. Thus ⊆ defines a partial order among all interpretations on the same
anonymous domain. It follows from the standard results in logic programming
[25] that TΠD(P) is monotonic and thus it has a unique least fixpoint, denoted
lfp(TΠD(P)).

Theorem 1. Let P be an F-logic program, D be an anonymous domain, and
ΠD(P) be a skolemization of P. Then I = (D, lfp(TΠD(P))) is an initial model
of P.

Proof. Similarly to [25], we can show that lfp(TΠD(P)) is a model of ΠD(P). By
Definition 9, it then follows that I is a model of P. To show that it is an initial
model of P, we need to show that there is no J |= P such that J ≺ I.

Let J |= P, where J = (D1,S1). Since I |= P, there must exist ΠD(P) such
that I |= ΠD(P). Similarly, there must exist ΠD1(P) such that J |= ΠD1(P).
Next we will show that I � J and hence finish the proof.

If the program P does not contain any anonymous ID terms, then the two
programs, ΠD(P) and ΠD1(P), must be the same. It follows from the classical
results [25] that lfp(TΠD(P)) ⊆ S1. Thus I � J .

If P contains anonymous ID terms, then there is an 1-1 mapping τ : D→D1
such that τ(ΠD(P)), the program obtained by applying τ to every term in the
program ΠD(P), is the same as ΠD1(P). Then by transfinite induction on each
iteration of applying the program consequence operator to generate lfp(TΠD(P)),
we can show that τ(lfp(TΠD(P))) ⊆ S1. It follows that I � J .

Of course, a program can have different initial models, since there can be
different anonymous domains and different skolemizations. However, all initial
models turn out to be isomorphic and all are least fixpoints of the TΠD(P) oper-
ator. This will be seen from the following two corollaries.

Corollary 1. I = (D,S) is an initial model of an F-logic program P iff there
is a skolemization, ΠD(P), of P such that S= lfp(TΠD(P)).

Proof. By Theorem 1, if S = lfp(TΠD(P)) then I = (D,S) is an initial model of
P. Conversely, if I = (D,S) is an initial model of P, then there is a skolemization,
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ΠD(P), of P such that S |= ΠD(P), by Definition 9. Since lfp(TΠD(P)) is the
minimal model of ΠD(P), it follows that S ⊇ lfp(TΠD(P)). Therefore, we must
have S = lfp(TΠD(P)), for otherwise we get a contradiction with the assumption
that I is an initial model.

Corollary 2. All initial models of an F-logic program are isomorphic.

Proof. Let I = (D1,S1) and J = (D2,S2) be two initial models of an F-logic
program P. It follows that there are two skolemizations, ΠD1(P) and ΠD2(P),
such that S1 = lfp(TΠD1 (P)) and S2 = lfp(TΠD2 (P)), by Corollary 1. We can
construct an 1-1 mapping τ : D1 →D2 such that τ(ΠD1(P)) is the same as
ΠD2(P). It can be shown that τ(S1) = S2 by a transfinite induction on the
program consequence operator. Therefore I and J are isomorphic.

5 Two Flavors of Entailment

To answer queries and to reason about logical statements we need to define the
notion of logical entailment of one scoped formula by another. We show that two
different notions of entailment are possible for RDF: strict entailment, denoted
|=, and relaxed entailment, denoted |≈ . In general these two entailments have
rather different properties, but they coincide for certain classes of programs.
Only one of these notions, i.e., relaxed entailment, is currently reflected in the
proposal for the RDF model theory [15].

The first type of entailment is defined similarly to classical logic.

Definition 12 (Strict Entailment). Let φ and ψ be two scoped formulas. We
write φ |= ψ iff for every interpretation I, whenever I |= φ then it is the case
that I |= ψ.

This definition has the normally expected properties, e.g., if φ |= ψ then φ |=
ψ∨ξ, and if φ |= ψ∧ξ then φ |= ψ and φ |= ξ. As a special case, if φ represents
an RDF graph, i.e., φ is just a conjunction of scoped atomic F-logic formulas, and
ψ represents a subgraph of φ, then φ |= ψ. This property is analogous to the one
exhibited by the current proposal for the RDF model theory [15]. However, the
difference is that strict entailment does not hold between a proper instance5 of an
RDF graph and the graph itself. For instance, { john[likes→→ food] } is a proper
instance of both { #[likes→→ food] } ∧ { #[likes→→ food] } and { john[likes→→
#] } ∧ { john[likes→→ #] }, but

{ john[likes →→ food] } �|= { #[likes →→ food] } ∧ { #[likes →→ food] }
{ john[likes →→ food] } �|= { john[likes →→ #] } ∧ { john[likes →→ #] }

5 A proper instance of an RDF graph is obtained by replacing one or more anonymous
resources with named resources [15] (which in our case means replacing them with
the constants in C).
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Indeed, when applied to RDF graphs, strict entailment corresponds to isomor-
phic embedding of graphs (the entailed graph is the one that is embedded). In
isomorphic embedding, named resource nodes in one graph are mapped to iden-
tically named nodes in another graph, while blank nodes are mapped to blanked
nodes. Moreover, this mapping is 1-1.

In contrast, the notion of entailment defined in the proposed RDF model
theory [15] corresponds to a more relaxed notion of embedding — one where
blank nodes can be mapped to anything. In this notion, two blank nodes can
even be spliced into the same node.

It turns out that this second notion of entailment, i.e., relaxed entailment,
can also be captured in our framework. First, we need the following transforma-
tion, which replaces anonymous ID symbols in a scoped formula with existential
quantifiers. Let ψ be a scoped formula:

1. If ψ has an occurrence of #, then replace ψ with ∃X(ψ′), where X is a new
variables that does not occur anywhere else and ψ′ is obtained from ψ by
replacing this particular occurrence of # with X.

2. If ψ has an occurrence of a numbered anonymous ID symbol, say #1, then
rewrite ψ into ∃X(ψ′), where X is a new variable and ψ′ denotes ψ where all
occurrences of #1 within the same scope are replaced with X.

Let strip(φ) denote the first order formula obtained by an exhaustive application
of the above rewrite rules to a given scoped formula φ. Note that the new existen-
tial quantifiers generated by the rewrite rules are placed at the beginning of the
newly created formula. For instance, let φ = ∀Y(o[m(Y)→→ #]← o[f(Y)→→ v]),
then strip(φ) = ∃X∀Y(o[m(Y)→→X]← o[f(Y)→→ v]).

Definition 13 (Relaxed Entailment). Let P and Q be two F-logic programs.
We write P |≈ Q iff P |= strip(Q).

We will now investigate the relationship between strict and relaxed
entailment.

Theorem 2. Let P and Q be two F-logic programs. If P |= Q then P |≈ Q.

Proof. Suppose P |= Q. Let I |= P. Then it must be the case that I |= Q. This
means that there is a skolemization of Q such that I |= ΠD(Q), where the last
|= denotes entailment in the classical sense (note that ΠD(Q) has no anonymous
ID symbols). Let νQ denote the mapping defined by the skolemization: it assigns
a constant to each occurrence of an anonymous ID symbol in accordance with
the scoping rules. Let ηQ denote the 1-1 and onto mapping from the occurrences
of the anonymous ID symbols in Q to the occurrences of the newly generated
variables in strip(Q), which is defined by the strip transformation above. Then it
is easy to see that νQ◦η−1

Q is a variable assignment for the existential variables in
strip(Q), which converts strip(Q) into ΠD(Q) (after removal of the now defunct
existential quantifiers). Therefore, I is a model of strip(Q).
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For another connection between these two entailments, it is easy to see that
if the consequent is an F-logic program that does not use anonymous ID symbols
then the two notions of entailment coincide.

Theorem 3. Let P and Q be two F-logic programs and suppose Q does not
contain anonymous ID symbols. Then P |= Q iff P |≈ Q.

Proof. The result follows immediately, since in this case strip(Q) = Q.

Recall that under strict entailment, an instance of an RDF graph does not
necessarily entail the graph. This property holds, however, for relaxed entail-
ment, which makes it behave similarly to the RDF model theory [15].

Theorem 4. Given two F-logic programs P and Q, if Q represents an RDF
graph, i.e., a conjunction of scoped atomic F-logic formulas, and P is a proper
instance of Q, then P |≈ Q.

Proof. Recall that a proper instance of an RDF graph is obtained by replacing
one or more anonymous resources with arbitrarily named resources [15], which
are constants of C in our logic.

Since P |= P, it follows from Theorem 2 that P |≈ P, i.e., P |= strip(P). But
strip(P) is nothing but strip(Q) with some constants substituted for existential
quantifiers. By classical results about entailment, we conclude that strip(P) |=
strip(Q). Combined with P |= strip(P), we get P |= strip(Q), i.e., P |≈ Q.

Let us revisit the previous example where { john[likes→→ food] } is a proper
instance of both { #[likes→→ food] } ∧ { #[likes→→ food] } and { john[likes→→
#] } ∧ { john[likes→→ #] }. We have

{ john[likes →→ food] } |≈ { #[likes →→ food] } ∧ { #[likes →→ food] }
{ john[likes →→ food] } |≈ { john[likes →→ #] } ∧ { john[likes →→ #] }
We should note that it is not clear which notion of entailment, |= or |≈ , is

more appropriate for RDF graph entailment. Perhaps, both should be used, as
they give rise to different notions of equivalence for these graphs. We say that
P ≡ Q iff P |= Q and Q |= P. Similarly, P ∼= Q iff P |≈ Q and Q |≈ P. It is
easy to show that if P ≡ Q then the initial models of P and Q are isomorphic and
in a well-defined sense they correspond to the RDF graph represented by these
programs. In contrast, if P ∼= Q, then P and Q can still have non-isomorphic
initial models and their RDF graphs can be different. For instance, if P has only
one fact, { a[b→→ c] }, and Q is { a[b →→ c], a[b →→ #] }, then P ∼= Q. However,
the RDF graph of P has only one arc and two nodes, while the graph of Q has
three nodes and two arcs. But each graph can be (non-isomorphically) embedded
into the other. The relationship between relaxed entailment and non-isomorphic
graph embedding is explored in the following theorem.

Theorem 5. Let P and Q be F-logic programs representing RDF graphs. Let
I = (D1,R) and J = (D2,S) be the initial models of P and Q, respectively.
Then P |≈ Q iff there is an augmented domain mapping λ : D2→D1 ∪ C such
that λ(S) ⊆ R.
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Proof. Suppose P |≈ Q. Then I |= strip(Q) by Definition 13. This means that
there is an assignment, ρ, of the existential variables in strip(Q) to the elements
in C ∪ D1 such that R |= Q′, where Q′ is ρ(strip(Q)) (strip(Q) with the now
defunct existential quantifiers removed).

Let ηQ denote the 1-1 and onto mapping from the occurrences of the anony-
mous ID symbols in Q to the occurrences of the newly generated variables in
strip(Q), which is defined by the strip transformation. Then ρ(ηQ(Q)) = Q′.

Since J = (D2,S) is an initial model of Q, let νQ denote the mapping defined
by the skolemization: it assigns a constant to each occurrence of an anonymous
ID symbol in accordance with the scoping rules. Because Q represents an RDF
graph, i.e., a set of facts, it follows that ρ(ηQ(ν−1

Q (S))) = Q′. Finally, since
R |= Q′ and both R and Q′ are sets of facts, it follows that Q′ ⊆ R. Therefore,
ρ ◦ ηQ ◦ ν−1

Q is the required augmented domain mapping.
By a similar argument we can also prove the opposite direction.

To conclude our discussion of entailment, we would like to remark on the
relationship between equality and the semantics presented in Sections 4 and 5.
It is a rather common misconception that a Herbrand style semantics, such
as the one presented here, implies a closed world assumption or a unique name
assumption. In actuality, resolution-based proof theory for full classical predicate
calculus relies on Herbrand models. This semantics can be extended to include
any kind of equality theory by superimposing an equivalence relation over the
Herbrand universe [8]. Likewise, our semantics for anonymous identity implies
neither the unique name nor the closed world assumption. Equality theories
can be incorporated in the same way as in [8] and the semantics can be made
nonmonotonic if required. These extensions are implemented in the Flora-2
system [33].

6 Compositionality of the Semantics

It is our contention that the semantics for Semantic Web languages should have
the semantic compositionality property. Informally, this means that the result
of putting together, say, two RDF documents should be another valid RDF
document. In other words, if P1 and P2 are two RDF documents then each
model of P1 ∪ P2 should be some sort of a union of the models of P1 and P2

separately.
It turns out that the F-logic language with anonymous ID symbols presented

in the previous section satisfies this requirement, whereas the N3 notation for
RDF, similar to RDF triple syntax (see [3] for an introduction to N3), and
the current proposal for the RDF model theory [15] do not. To make this re-
quirement precise, we first need to define what we mean by the “union” of two
interpretations.

First, we recall the notion of a disjoint union of sets. Let D1 and D2 be two
sets. Their disjoint union, denoted D1�D2, is obtained by “renaming apart” the
common elements of D1 and D2 (thus making the sets disjoint) and then taking
the union. The set D1 � D2 has the following properties:
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– There are 1-1 mappings ι1 : D1→D1 � D2 and ι2 : D2→D1 � D2;
– D1 � D2 = ι1(D1) ∪ ι2(D2); and
– ι1(D1) ∩ ι2(D2) = ∅.

Definition 14 (Disjoint Union of Interpretations). Let I1 = (D1,S1) and
I2 = (D2,S2) be two interpretations. A disjoint union of I1 and I2, denoted
I1 �I2, is an interpretation of the form (D1 �D2, ι1(S1)∪ ι2(S2)), where ι1 and
ι2 are the 1-1 embeddings ι1 : D1→D1 � D2 and ι2 : D2→D1 � D2 that are
associated with D1 �D2. In other words, a disjoint union of two interpretations
makes sure that anonymous constants that happen to occur in both anonymous
domains D1 and D2 are renamed apart (both in these domains and in S1 and
S2) prior to taking the union.

We can now state the following simple result:

Theorem 6. Let P1 and P2 be two F-logic programs, and let I1 and I2 be the
initial models of P1 and P2, respectively. Suppose that both P1 and P2 represent
an RDF graph (i.e., a conjunction of scoped atomic formulas). Then I1 � I2 is
an initial model of P1 ∪ P2.

Proof. Since P1 and P2 represent RDF graphs, they may contain anonymous ID
symbols but no variables. Let I1 = (D1,S1) and I2 = (D2,S2). To simplify the
exposition, let us assume that D1 ∩ D2 = ∅.

There must be skolemizations ΠD1(P1) and ΠD2(P2), such that S1 and S2
are, respectively, the minimal models of ΠD1(P1) and ΠD2(P2). Since D1∩D2 =
∅, it follows that ΠD1(P1) ∪ΠD2(P2) is a valid skolemization of P1 ∪ P2. Since
P1 and P2 represent RDF graphs, the skolemizations ΠD1(P1) and ΠD2(P2)
have no variables and thus S1 and S2 are identical to ΠD1(P1) and ΠD2(P2),
respectively. It is therefore easy to see that S1 ∪ S2 is the minimal model of
ΠD1(P1) ∪ΠD2(P2). Thus, I1 � I2 is an initial model of P1 ∪ P2.

The above result could be extended to programs that contain inference rules.
The main difference is that P1 ∪P2 can derive more facts than the union of the
facts that P1 and P2 can derive in separation. Consequently, I1 � I2 may not
be an initial model of P1 ∪ P2, but rather a congruent sub-interpretation of an
initial model.

It appears that the current proposal for the RDF model theory does not have
the compositionality property. To see this, consider the sentence someone loves
Mary represented using RDF triple syntax:

{[loves], [X], [Mary]}
Let P1 denote this document. Let P2 denote the document that represents the
sentence someone invented the bulb:

{[inventor], [X], [Bulb]}
By composing the two documents, we get P1 ∪ P2:
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{[loves], [X], [Mary]}
{[inventor], [X], [Bulb]}

Although the interpretation { {[loves], [John], [Mary]} } is a model for the doc-
ument P1 and { {[inventor], [ThomasEdison], [Bulb]} } is a model for P2, their
(disjoint) union, { {[loves], [John], [Mary]}, {[inventor], [ThomasEdison], [Bulb]} }
is not a model of P1 ∪ P2.

This problem can be rectified by adding the notion of scope, as introduced in
this paper, to N3 and the RDF model theory. An alternative solution — changing
the definition of the union of RDF graphs — would be undesirable, as it will
only serve to highlight the inadequacy of the current syntax and semantics of
N3.

7 Properties of Reification

In this section we discuss some properties of reification in F-logic and compare
them to the current proposal for RDF model theory [15].

One important difference is that in F-logic reified statements are themselves
objects, whereas in the RDF model theory they are referred to by names. In
particular, one can give two names to the same statement and these would be
completely unrelated objects. In our opinion, such a semantics is too weak.6 To
illustrate the problem, consider again the statement from Section 3 that John
believes that Thomas Edison (this time a known resource) invented the bulb:

{[type], [X], [RDF:Statement]}
{[predicate], [X], [inventor]}
{[subject], [X], [http://foo.org/TheBulb]}
{[object], [X], [http://foo.org/ThomasEdison]}
{believes, [http://xyz.com/John], [X]}

In the RDF triple syntax, one can add another reference to the reified statement:

{[type], [Y], [RDF:Statement]}
{[predicate], [Y], [inventor]}
{[subject], [Y], [http://foo.org/TheBulb]}
{[object], [Y], [http://foo.org/ThomasEdison]}

However, in RDF, the objects referred to by X and Y would have nothing to do
with each other. For instance, John would believe X but not Y. Likewise, stating
that X is a true statement or that it was made by Encyclopedia Britannica does
not imply that the same holds for Y. In contrast, in F-logic we can say
6 There has been lengthy discussion of this problem on the RDF mailing list

http://lists.w3.org/Archives/Public/www-rdf-interest/ and it has been proposed
that reifications of RDF statements should be viewed as statings — which are “in-
stances” of statements. (See http://ilrt.org/discovery/2000/11/statements/.) How-
ever, we remain unconvinced as to the desirability of this distinction.
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’http://foo.org/TheBulb’[inventor→→ ’http://foo.org/ThomasEdison’]
[

veracity→→ true,
authority→→ ’http://www.britannica.com/’

].

So anyone who believes this statement would be believing a statement whose
veracity attribute has the value true and which is believed to be authorized by
Britannica. In fact, we can even go further and specify the rule

Statement ← Statement[veracity→→ true].

which will make any statement whose veracity property is “true” into a true
statement in every model. Thus, for example, Mary, who also believes this state-
ment and who might even be defined in a different document, would be believing
a true assertion.

Note that in our semantics conjunctions of atomic formulas are terms and
thus can be treated as objects. In fact, this idea can be further extended to
allow reification of more general statements. We will show some simple uses of
reified conjunctions. First, for some properties, such as beliefs, it is reasonable
to assume that conjunctions can be broken apart, because if someone believes
in a combined statement then she is likely to believe in all of its parts. This can
be expressed by the following rule:

X[believes→→S1], X[believes→→S2] ← X[believes→→ (S1 ∧ S2)].

On the other hand, in some contexts reified conjuncted statements cannot be
broken up. For instance, the following might be considered as a true statement

(john[likes→→ sally] ∧ sally[likes→→ john]) [statementAbout→→ friendship].

But

(john[likes→→ sally]) [statementAbout→→ friendship]

is not necessarily a true statement.
An important advantage of our semantics is that it is developed in a general

framework, which provides a basis for reasoning about reified statements — not
only for stating them as facts. We have already shown how one can state that
certain beliefs are actually true. However, there are many more possibilities for
non-trivial reasoning. For instance, Bob always believes when Alice says that
some statement is made by a trusted third party. This knowledge can be encoded
using the following rule:

’http://xyz.com/Bob’[believes→→Statement[authority→→A]] ←
’http://xyz.com/Alice’[says→→Statement[authority→→A]],
’http://xyz.com/Bob’[trusts→→A].

In fact, one can express a number of belief systems using rules and then combine
them with reification to derive useful conclusions about reified beliefs.
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8 Reification and Logical Paradoxes

Year 2001 marked a Centennial of the famous Russell’s paradox — a remarkable
discovery of the inconsistency of Frege’s comprehension axioms. The basic reason
for the existence of this paradox in Frege’s logic is the ability to reify logical
sentences and make statements about these sentences. Ever since this discovery
logics that permit reification were subject to strict and just scrutiny. In this
section we will briefly explain the nature of Russell’s paradox as it pertains to
reification and how it affects our theory. A nice discussion of this paradox and
of the ways to avoid it appears in [27].

The simplest and most familiar form of Russell’s paradox is the so called
Liar’s paradox — a statement, L, which says that L is false. If L is true then it
must be false, and if it is false then it must be true. In order to be able to make
such statements within a logic we need the ability to refer to logical sentences in
the language of the logic. We will show how such a paradox can be constructed
within F-logic extended with the reification mechanism. In fact, we shall see that
paradoxes can be constructed using HiLog alone.

To obtain a paradox, we need the so called comprehension axiom schema of
the following form

∃P∀X (P(X)↔ φ(X))

in addition to reification. Here φ is some formula that does not have P as a
free variable. This axiom says that we can always define a predicate that is true
precisely of those things that have the property φ. For instance, φ(X) can be
something like q(X) ∧ X.

Note that the comprehension axioms are valid HiLog formulas. If we now
substitute ¬X(X) for φ and choose X to be P, we get

∃P (P(P)↔ ¬P(P))

which is unsatisfiable. The paradox consists in the realization that a very natural
set of axioms, such as comprehension axioms, is unsatisfiable.

We might still think that Russell’s paradox is no more than a curiosity,
because the comprehension axioms are so general that they are, perhaps, of
little use for knowledge representation on the Semantic Web. Unfortunately we
are not out of the woods yet. Let true be a new predicate symbol and consider
the following truth axiom:

∀X (true(X)↔ X) (1)

This axiom states that everything that is asserted to be true in the meta-level
(i.e., using the truth-predicate applied to reified formulas) is, indeed, true in the
logic. It turns out that this axiom is an instance of the comprehension axiom
schema and it is almost as bad. Unlike the comprehension axioms, we cannot
simply dismiss the truth axiom as too general because it is so close to routine
things that people do in knowledge representation. For instance, one might want
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to say that Alice does not know false facts (X : − sallyKnows(X)) and that Bob
knows every true fact believed by Sally (bobKnows(X) : − X, sallyBelieves(X)).7

To see how the truth axiom leads to a paradox, we assume that we are
allowed to define new concepts using previously defined ones. Specifically, let r
be a completely new symbol defined as follows:

∀X (r(X)↔ ¬true(X(X)))

Such definitions are the staple of every logic-based knowledge representation
language, although in some (like Prolog) the definition would be unidirectional.

By substituting r for X, we obtain the so called heterological Liar’s statement :

r(r)↔ ¬true(r(r)) (2)

It is easy to see that the Liar’s statement is inconsistent with the truth axiom,
since we can derive a contradiction:

r(r)↔ ¬true(r(r))↔ ¬r(r)

Since the truth axiom is simply a pair of Horn clauses and the Liar’s state-
ment is also not too far off from what an arbitrary logic program could have, we
need to re-examine our reified F-logic to see if it is of any use at all. Is it possible
that an innocuous rule set written by an unsuspecting provider of Semantic Web
content can have a hidden inconsistency?

Theorem 7. Horn programs in reified F-logic augmented with the truth ax-
iom (1) are consistent.

Proof. Let P be an F-logic Horn program. Since the truth axiom is just a pair
of Horn clauses, we can consider them to be part of P. By Theorem 1, P has an
initial model and therefore is consistent.

The above theorem can be extended to programs that have negative literals
in the rule body under the well-founded semantics [18]. Therefore, we can be
satisfied that for most practical purposes reified F-logic is an adequate knowledge
representation formalism.

An interesting question is whether it is possible to extend the scope of reifi-
cation in F-logic to include disjunction and negation. The answer to the former
is yes, because disjunctive logic programming [26] can be adapted to F-logic. On
the other hand, reifying negation would create problems unless the structure of
the programs and the truth axiom are restricted in some way. Perlis [27] pro-
posed an elegant way to restrict the truth axiom, which eliminates paradoxes
from first-order logics.8 To see how inconsistency can arise if negation is reified,
consider the following program:
7 Another example is the axiom Statement← Statement[veracity→→ true] of the pre-

vious section.
8 Unfortunately, this solution does not quite apply to HiLog, because Perlis’ syntax

precludes the heterological Liar’s statement.
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true(¬ p(X)) ← p(X).
p(X) ← ¬ p(X).

Because of the truth axiom, we obtain p(X)↔ ¬p(X).9

To summarize our discussion, we have shown that reified F-logic avoids para-
doxes through the following restrictions:

– Programs must be sets of extended Horn clauses (i.e., no negation in the
rule head); and

– Reification of negative facts is not permitted, which stops negation from
appearing in the rule heads through the back door.

This is not the only useful set of restrictions, however. In the Flora-2 sys-
tem [33], reification of negative facts is allowed and thus the second condition
above does not hold. Instead, Flora-2 precludes negative literals in rule heads
(like the first restriction above) and closes the remaining loophole with the fol-
lowing restriction:

The head of a rule cannot be a variable term.

Note that rules like X(Y) :− body or X[Y→Z] :− body are still allowed.
The excluded rules are of the form X :− body. This restriction effectively rules
out the truth axiom and, since negative literals cannot occur in the rule head, it
becomes impossible to derive such facts despite the fact that individual variables
can be bound to negative reified facts.

9 Conclusion

In this paper we presented an extension of F-logic that supports anonymous
resources and reification. Such an extension makes F-logic a suitable foundation
for Semantic Web languages, such as RDF. The language has a simple and natu-
ral, paradox-free semantics and a proof theory, and has been implemented in the
Flora-2 system [33]. In particular, our semantics rectifies a number of draw-
backs of the current proposal for the RDF model theory [15]: non-compositional
semantics and weaker than necessary treatment of reification. We also pointed
out that there are at least two different (and useful) meanings for the notion of
RDF graph entailment. On top of this, our semantics is much more general than
[15], as it is given in the framework of an expressive rule-based and frame-based
language, which opens up many possibilities for encoding knowledge.

Anonymous objects and reification have uses outside of the Semantic Web
context. In fact, they were originally introduced in Flora-2 to satisfy database-
specific needs. For instance, anonymous objects are related to the so-called pure
9 It should be kept in mind that this contradiction arises only in classical logic, while

logic programs (especially those that involve negation) are based on non-classical
logic. However, this example shows that developing an appropriate semantics for
reified negation has issues to overcome.
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values in object-oriented databases [1,23] and they are also very convenient for
object-oriented modeling of XML documents. In addition, they turned out to be
valuable from the software engineering point of view. Reification was introduced
in Flora-2 to provide a clean semantics (and an implementation) for aggregate
operators, which take a query (i.e., a reified formula) as an argument and perform
summarization operations over the set of answers to the query.
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Abstract. In order to tackle the need of sharing knowledge within and
across organisational boundaries, the last decade has seen researchers
both in academia and industry advocating for the use of ontologies as
a means for providing a shared understanding of common domains. But
with the generalised use of large distributed environments such as the
World Wide Web came the proliferation of many different ontologies,
even for the same or similar domain, hence setting forth a new need of
sharing—that of sharing ontologies. In addition, if visions such as the
Semantic Web are ever going to become a reality, it will be necessary to
provide as much automated support as possible to the task of mapping
different ontologies. Although many efforts in ontology mapping have
already been carried out, we have noticed that few of them are based
on strong theoretical grounds and on principled methodologies. Further-
more, many of them are based only on syntactical criteria. In this paper
we present a theory and method for automated ontology mapping based
on channel theory, a mathematical theory of semantic information flow.
We successfully applied our method to a large-scale scenario involving the
mapping of several different ontologies of computer-science departments
from various UK universities.

1 Introduction

The wide-spread use of ontologies by diverse communities and in a variety of ap-
plications is a commonality in today’s knowledge-sharing efforts. They are the
backbone for semantically-rich information sharing, a prerequisite for knowledge
sharing. As systems become more distributed and disparate within and across
organisational boundaries, there is a need to preserve the meaning of concepts
used in everyday transactions of information sharing. The emergence of the Se-
mantic Web [5] has made these transactions, arguably, easier to implement and
� Last names of authors are in alphabetical order.
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deploy on a large scale in a distributed environment like the Internet. However,
at the same time poses some interesting challenges. For instance, we observe
that the demand for knowledge sharing has outstripped the current supply. And
even when knowledge sharing is feasible, this is only within the boundaries of a
specific system, when certain assumptions hold, and within a specific domain.
The reason for this shortcoming is, probably, the very environment and technolo-
gies that generated a high demand for sharing: The more ontologies are being
deployed on the Semantic Web, the more the demand to share them for the ben-
efits of knowledge sharing and semantic interoperability. The sharing of ontology
though, is not a solved problem. It has been acknowledged and researched by
the knowledge engineering community for years.

In fact, this problem is related to that of integration of heterogeneous data-
bases conducted in the 1980s and early 1990s [4,39], as far as database schemas
can be considered a particular kind of lightweight ontologies. These early efforts
in information sharing run into the problem of semantic heterogeneity, which re-
quired the identification and representation of all semantics useful in performing
schema translation and schema integration. Current efforts on ontology sharing
build upon the previous experience, but in the light of more broader a concept
of ontology, and of more expressive logical formalisms and theories that better
capture the semantics and information flow.

One of the aspects in ontology sharing is to perform some sort of mapping
between ontology constructs. That is, given two ontologies, one should be able to
map concepts found in one ontology onto the ones found in the other. Further,
some research suggest that we should also be able to combine ontologies where
the product of this combination will be, at the very least, the intersection of the
two given ontologies. These are the dominant approaches that have been studied
and applied in a variety of systems (see, for example, [35]).

There are, however, some drawbacks that prevent engineers from benefitting
from such systems. Firstly, the assumptions made in devising ontology map-
pings and in combining ontologies are not always exposed to the community and
no technical details are disclosed. Secondly, the systems that perform ontology
mapping are often either embedded in an integrated environment for ontology
editing or are attached to a specific formalism. Thirdly, in most cases mapping
and merging are based on heuristics that mostly use syntactic clues to deter-
mine correspondence or equivalence between ontology concepts, but rarely use
the meaning of those concepts, i.e., their semantics. Fourthly, most, if not all
approaches, do not treat ontological axioms or rules often found in formal on-
tologies. Finally, ontology mapping as a term has a different meaning in different
works merely due to the lack of a formal account of what ontology mapping is.
There is an observed lack of theory behind most of the works in this area.

Motivated by these drawbacks we started to work on a method and a theory
for ontology mapping and merging. We were determined to tackle these draw-
backs so our approach is based on the observation reported in [38] of an essential
duality in knowledge sharing, namely that sharing occurs both at the token and
at the type level. We draw on sound theoretical ground, but at the same time we
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are providing a systematic approach for ontology mapping in mechanised and
methodological steps.

In particular, we propose an Information-Flow-based method for ontology
mapping (hereafter, IF-Map). We are mostly interested in mapping ontologies,
but we could extend the approach to merge them, too. IF-Map draws from the
works of Schorlemmer on aligning ontologies [38] and on the heuristics defined by
Kalfoglou (in [20], pp.95–97), to analyse prospective mappings between ontolo-
gies. On the theoretical side, our method is based on the mathematical theory
of information flow proposed by Barwise and Seligman [3] and on Kent’s Infor-
mation Flow Framework for the IEEE standardisation activity of an upper-level
ontology [23], and also on his proposed methodology for merging ontologies [22,
24]. The methodological part of IF-Map has also been influenced by the work of
Stumme and Maedche on the FCA-Merge method [41].

We outline a scenario and describe the architecture we have built to perform
ontology mapping in Section 2. We briefly provide mathematical preliminaries on
information flow and channel theory in Section 3, before we proceed to describe
our ontology-mapping method in Section 4, together with an example case of its
use. In Section 5 we report on an application of our method and elaborate on
scalability issues. We discuss related work in Section 6 and summarise the paper
in Section 7.

2 A Scenario and Architecture for Ontology Mapping

We should clarify some terminological issues before we continue with our archi-
tecture for ontology mapping. Some researchers view the mapping process as an
integral part of alignment or merging. For example Noy and Musen view merg-
ing as the creation of “a single coherent ontology that includes the information
from all the sources” and alignment as a process in which “the sources must
be made consistent and coherent with one another but kept separately” [34].
Clearly, mapping is an essential aspect of alignment and could also be used to
initiate merging. In this paper, we adopt a working view of ontology mapping.
We do not intend to alter the original ontologies but rather look for possible map-
pings between them. To that extent we are compatible with Noy and Musen’s
definition of alignment, however, we view alignment as a process that involves
merging but without altering the original ontologies. This would be done by
constructing a virtual ontology consisting of the mapped constructs of the two
input ontologies. This view is more akin to those researchers working on the
IEEE SUO initiative—the standardisation of an upper level ontology—where a
meta-level framework for relating ontologies based on the Barwise-Seligman the-
ory of information flow is currently being developed.1 Although on our scenario
we have not yet implemented this aspect, we could extend the existing IF-Map
method to perform merging. In the remaining of the paper though, we will focus
on ontology mapping only.
1 We point the interested reader to http://suo.ieee.org for more information on

this initiative.
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2.1 Ontology Mapping Scenario

In Figure 1 we illustrate our approach to ontology mapping. In particular, the
focus is on the use of information-flow theory as the underpinning mathematical
foundation for establishing mappings between two ontologies. We shall formalise
these mappings in terms of local logics and logic infomorphisms, which we intro-
duce in Section 3.

Fig. 1. The scenario for ontology mapping.

We assume that, when two communities desire to share knowledge but each
one has encoded knowledge according to its own local ontology—O1 and O2
respectively—they have previously agreed upon a common understanding, a ref-
erence ontology O0, in order to favour the sharing of knowledge. Typically each
community will have its local ontology populated with its own instances, while
the reference ontology will not have instances.

But, although having agreed upon a reference ontology, each community
might prefer to communicate via its own local ontology, provided these ontolo-
gies O1 and O2 (or at least a significant fragment of them) conform to the
reference ontology O0. In this paper we provide a methodology to establish this
conformance by looking for, and further generating, ontology mappings O0 → O1
and O0 → O2 from the reference ontology to local ontologies, denoted as solid
arrows in Figure 1. The methodology is based upon formalising ontologies as
local logics and ontology mappings as logic infomorphisms, as we shall see in
Section 3.5.

The link O1 ← O0 → O2 between local ontologies via the reference ontology,
together with the generated ontology mappings from the latter to the former two,
provides an alignment structure of ontologies that determine uniquely a global
ontology O—an ontology that could be either constructed from the alignment
structure or else generated ‘on-the-fly’ for the purpose of knowledge sharing. The
dashed arrows denote the inclusion of local ontologies O1 and O2 into the global
ontology O. This inclusions are also ontology mappings as formalised by logic
infomorphisms, and hence our methodology IF-Map could be extended in future
to include the merging of ontologies according to an alignment structure.
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Figure 1 clearly resembles Kent’s proposed two-step process for conceptual
knowledge organisation [22,24]. In fact, the existence of a unique global ontology
O given an alignment O1 ← O0 → O2 consisting of local ontologies and a
reference ontology is the consequence of formalising ontologies and ontology
mappings as local logics and logic infomorphisms.

2.2 Ontology Mapping Architecture

In Figure 2 we illustrate the process of IF-Map. We have built a step-wise process
that consists of four major steps: (a) Ontology harvesting, (b) translation, (c)
infomorphism generation, and (d) display of results. In the ontology harvesting
step we perform our acquisition. We acquire ontologies by applying a variety of
methods: Downloading existing ontologies from ontology libraries (for example,
from the Ontolingua [12] or WebOnto [10] servers); editing them in ontology
editors (for example, in Protégé [16]); or extracting them from the Web. The
latter is ongoing research in the AKT project (http://www.aktors.org), where
we are writing scripting programs to crawl the Web and harvest RDF-encoded
resources to semi-automatically construct and populate ontologies. We will not
expand on this topic here as it is peripheral to our theme of ontology mapping. As
a result of our versatile ontology acquisition step, we have to deal with a variety
of ontology representation languages ranging from KIF [15] and Ontolingua to
OCML [31], RDF [27], Prolog, and native Protégé knowledge bases.

Fig. 2. The IF-Map architecture.

This introduces the second step in our process, that of translation. Since we
have declaratively specified the IF-Map method in Horn logic and execute it with
a Prolog interpreter, we partially translate the above formats to Prolog clauses.
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Our translator programs are either written in-house, or whenever available, we
use public translators. For example, there are public RDF-to-Prolog translators2

as well as Ontolingua-to-Prolog translators. In most of these cases though, we
found it practical to write our own ones. We did that to have a partial transla-
tion, customised for the purposes of ontology mapping. Furthermore, as it has
been reported in a large-scale experiment with publicly available translators [7],
the Prolog code produced is not elegant or even executable. Our own transla-
tors are customised to translate—from KIF, Ontolingua, and Protégé knowledge
bases into Prolog clauses—those constructs that are needed for IF-Map: Class
taxonomy, relations and representative instances for classes. Thus, we deliber-
ately neglect constructs such as documentation slots, separation of own-slots and
template-slots and other object-oriented modelling primitives used in Ontology
languages (such as KIF or Ontolingua3) as they are not useful for IF-Map and
their absence from the translated Prolog code does not invalidate their mean-
ing. For Protégé knowledge bases we used the built-in Java API to obtain the
constructs we wanted, and for RDF we used publicly available RDF to Prolog
translators. The issue of a full-blown translation from one formalism to another
is a difficult problem, and Corrêa da Silva et al. [7] offer an account on the effort
involved.

The next step in our process is the main mapping mechanism: The IF-Map
method, which we describe in Section 4. We have written a Java front-end to
the Prolog-written IF-Map program so that we can access it from the Web, and
we are currently in the process of writing a Java API to enable external calls to
it from other systems. This step will find logic infomorphisms, if any, between
the two ontologies under examination, and in the last step of our process we
display them in RDF format. This step involves translating back from Prolog
clauses to RDF triples by means of an intermediary Java layer, where RDF is
being produced using the Jena RDF API [28]. Finally, we store the results in a
knowledge base for future reference and maintenance.

Before proceeding to an example case of the deployment this architecture
we shall introduce the theoretical background of IF-Map. Therefore, in the next
section we expand on logic infomorphisms and other channel-theoretic notions,
and give a formal account of ontology mapping.

3 Preliminaries

In order to give a formal characterisation of ontology mapping we start from
the following basic assumption: If two communities desire to share information
but their ontologies differ, we need to align and map their ontologies for the
information to flow between them. Consequently, it would be desirable to base

2 Like the one from Wielemaker downloadable from http://www.swi-prolog.org/
packages/rdf2pl.html

3 We briefly describe the principles we used to partially translate from Ontolingua to
Prolog in [20], pp.105–107.
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a theory of ontology mapping upon a mathematical theory that is capable of
describing under which circumstances information flow occurs.

Although there is no such a theory yet, the most promising effort towards
such a theory was initiated by Barwise and Perry with situation semantics [2],
which was then been further developed by Devlin into a theory of information [8].
Barwise and Seligman’s channel theory is currently the latest stage of this en-
deavour [3], and is probably the best place to start establishing a foundation for
a theory of ontology mapping.

3.1 Information Flow

Barwise and Seligman propose a mathematical model that aims at establishing
the laws that govern the flow of information. It is a general model that attempts
to describe the information flow in any kind of distributed system, ranging form
actual physical systems like a flashlight connecting a bulb to a switch and a
battery, to abstract systems such as a mathematical proof connecting premises
and hypothesis with inference steps and conclusions.

It is based on the understanding that information flow results from regular-
ities in a distributed system, and that it is by virtue of regularities among the
connections that information of some components of a system carries information
of other components. The more regularities the system has, the more informa-
tion flows; the more random the system is constituted the less information will
be able to flow among its components.

As a notion of a component carrying information about another component,
Barwise and Seligman follow Dretske’s characterisation [11], in which assertions
of the sort

The rifle shot carried the information that the king was dead to the whole
city.

or

The greyness of the sky carries the information that a storm is approach-
ing.

are abstractly characterised as following a common pattern

a’s being F carries/bears/conveys the information that b is G.

In fact, it is a particular rifle shot that will inform us of the king’s death, and
hence it is a particular event token e of the type ‘rifle shot’ that will carry this
information. A rifle shot 50 years later will definitely not carry the information
that the present king is dead as will the present rifle shot not indicate that
the king of the neighbouring city is dead. It is the fact that the event token of
the rifle shot is connected spatio-temporarily with the event of the king’s death
that we know that the information flows. Channel theory formalises this crucial
aspect of information flow, namely that it is the tokens and its connections that
carry information, so that information flow involves both types and tokens.
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3.2 Aligning and Merging Ontologies

With respect to the problem that concerns us here—that of mapping ontologies—
the same abstract pattern arises. Two communities with different ontologies will
be able to share information when they are capable of establishing connections
among their tokens in order to infer the relationship among their types. Let us
develop an example taken from [40], which shows the issues one has to take into
account when attempting to align the English concepts river and stream with the
French concepts fleuve and rivière. According to Sowa,

In English, size is the feature that distinguishes river from stream; in
French, a fleuve is a river that flows into the sea, and a rivière is either a
river or a stream that runs into another river. [40]

This explains how the concepts need to be merged. Notice that the above quote
requires an agreed understanding on how to distinguish between big and small
rivers, and between rivers that run into a sea or into other rivers, yielding four
types of instances of ‘water-flowing entities’: big-into-sea, big-into-river, small-
into-sea, and small-into-river.

Fig. 3. Alignment by means of a pair of maps

Figure 3 shows how both, English and French speakers, base their concepts
upon this agreed understanding, although English and French speakers don’t
distinguish between some types of instances. For example, English speakers call
both, big-into-sea and big-into-river, a river, while French speakers don’t distin-
guish between big-into-river and small-into-river, and call both types a rivière.
The agreed understanding is materialised by two maps that form the alignment.
It requires the classification of particular instances of river, stream, fleuve, and
rivière according with the agreed understanding, since it is this agreed way of
classification which will determine how the concepts river, stream, fleuve, and
rivière are going to be related to each other.

The ultimate goal is to determine the connections that link particular in-
stances of type river or stream with particular instances of type fleuve or rivière,
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in a way that they respect the agreed understanding. This is done by connect-
ing only those instances that conform to the same type according to the agreed
understanding, as illustrated in Figure 4.

Fig. 4. Aligning ontologies through a pair of maps

The resulting classification of connections 〈Mississippi,Rhône〉, 〈Ohio,Saône〉,
and 〈Captina,Roubion〉 into the four concepts river, stream, fleuve, and rivière,
determines a theory of how these concepts are related (e.g., that a fleuve is also
a river, or that a stream is also a rivière, but not vice versa). Figure 4 shows
what in channel theory is known as a an information channel [3]. It captures,
by means of two pairs of contra-variant functions, an existing duality between
concepts and instances: Each pair consists of a map of concepts on the so called
type level and map of instances on the so called token level, and pointing in
the opposite direction. From a channel-theoretic perspective, Figure 4 actually
illustrates us that sharing knowledge involves a flow of information that crucially
depends on how the instances of different agents are connected together. The
following table shows the classification relation, i.e., the connections as classified
according to the concept types involved in the example:

river stream fleuve rivière
〈Mississippi,Rhône〉 1 0 1 0
〈Ohio,Saône〉 1 0 0 1

〈Captina,Roubion〉 0 1 0 1

The merged set of concepts {river, stream, fleuve, rivière} has an additional
structure that we can deduce from the way the connections of instances are clas-
sified with respect to these concepts. Through techniques from formal concepts
analysis [14], for instance, we can make such structure explicit in the form of a
concept lattice, as shown in Figure 5. The concept hierarchy represented in this
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lattice depends on the choice of instances and its classification with respect to
the agreed understanding. The fact that no instances were classified as of type
small-into-sea was crucial in this example. Notice, also, that the resulting lattice
has a node labelled with the concept river ∧ rivière, which is a formal concept
that did not exist in the original vocabularies. It corresponds to the instances of
‘water-flowing entities’ that, although big, flow into other rivers, like Ohio and
Saône.

Fig. 5. Concept lattice

3.3 Channel Theory

Channel theory provides the required mathematical machinery to describe the
information flow between communities in terms of their connection by means
of tokens and types. In order to specify the regularities of each component in
a distributed systems channel theory uses the notion of a local logic. Separate
interacting components will typically use different vocabularies, i.e., they will use
different systems of types, and also tokens and of how these classified according
to the types.

In addition, each community will have its own particular constraints that
describe the local behaviour of their instances with respect to their system of
types. A local logic brings all these ideas together:

Definition 1. A local logic is a quadruple L = (I, T, |=,�), where

1. I is a set of instances (also called tokens);
2. T is a set of types;
3. |= is a classification relation, a binary relation between elements of I and T ;
4. � is a consequence relation, a binary relation between subsets of T ;

There are two parts of a local logic that are of particular importance in
the channel-theory framework. The first one is the triple (I, T, |=), and is called
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the classification of the local logic, because the binary relation |= determines a
classification of instances in I with respect to types in T . Thus, x |= a means
that instance x ∈ I is classified as of type a ∈ T .

The second important part is the pair (T,�), which is called the theory of
the local logic. This theory is specified by a set of sequents 〈Γ,∆〉, i.e., pairs
where Γ,∆ ⊆ T . The set of types Γ is to be interpreted conjunctively, the set ∆
disjunctively, so that an instance x ∈ I satisfies a sequent 〈Γ,∆〉 provided that,
if x is of every type in Γ , then x is of some type in ∆. Sequents that belong to
the theory of a logic are called constraints and denoted Γ � ∆. Theories of local
logics must satisfy the following conditions of regularity :4

1. Identity: a � a, for all a ∈ T ;
2. Weakening: If Γ � ∆ then Γ, Γ ′ � ∆,∆′, for all Γ, Γ ′, ∆,∆′ ⊆ T ;
3. Global Cut: If Γ, T ′

0 � ∆,T ′
1 for each partition5 〈T ′

0, T
′
1〉 of any T ′ ⊆ T , then

Γ � ∆, for all Γ,∆ ⊆ T .

There is an additional element in local logics that we have deliberately left
out in Definition 1. Ideally, instances of a local logic adhere to its constraints,
although, we cannot presuppose this in general, and exceptions may occur. Local
logics also distinguish a subset N ⊆ I of normal instances that must satisfy all
constraints of the local logic. The idea of a normal instance is needed if we want
to model reasonable but unsound flow of information. For the purposes of IF-
Map, though, we shall assume that all instances are normal. Such logics are said
to be sound.

For information to flow between separate components of a distributed system,
we need to link local logics that characterise components in a sensible way. This
will essentially affect the system of classifications and its associated theory, but
in a way that allows the information to flow. This latter is captured with the
idea of a logic infomorphism:

Definition 2. A logic infomorphism f : L � L′ from local logic L = (I, T, |=
,�) to local logic L′ = (I ′, T ′, |=′,�′) is a contra-variant pair of functions f =
〈f�, f�〉, where f� : T → T ′ and f� : I ′ → I, such that,

1. for all x ∈ I ′ and a ∈ T , f�(x) |= a if and only if x |=′ f�(a);
2. for all Γ,∆ ⊆ T , if Γ � ∆, then f�[Γ ] �′ f�[∆].6

The restriction of a logic infomorphism to the classification part of local logics
is called only an infomorphism.
4 Regularity arises from the observation that, given a classification of instances to

types, the set of all sequents that are satisfied by all instances do fulfil these prop-
erties.

5 A partition of T ′ is a pair 〈T ′
0, T

′
1〉 of subsets of T ′, such that T ′

0 ∪ T ′
1 = T ′ and

T ′
0 ∩ T ′

1 = ∅; T ′
0 and T ′

1 may themselves be empty (hence they form actually a
quasi-partition).

6 f�[Γ ] and f�[∆] denote the set images of sets Γ and ∆ along function f�, respectively.
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3.4 Ontologies and Ontology Morphisms

For the purposes of IF-Map described in this paper, we adopt a definition of
ontology that includes some of the core components that are usually part of
an ontology: Concepts, organised in an is-a hierarchy, which we capture with
a partial-order relation ‘�’; relations defined over these concepts; and notions
of disjointness of two concepts—when no instance can be considered of both
concepts—and coverage of two concept—when all instances are covered by two
concepts.7

Disjointness and coverage are typically specified by means of ontological ax-
ioms. IF-Map takes these kind of axioms into account including disjointness and
coverage into the hierarchy of concepts by means of two binary relations ‘⊥’ and
‘|’, respectively.

Definition 3. An ontology is a tuple O = (C,R,�,⊥, |, σ) where

1. C is a finite set of concept symbols;
2. R is a finite set of relation symbols;
3. � is a reflexive, transitive and anti-symmetric relation on C (a partial or-

der);
4. ⊥ is a symmetric and irreflexive relation on C (disjointness);
5. | is a symmetric relation on C (coverage); and
6. σ : R → C+ is the function assigning to each relation symbol its arity; the

functor (−)+ sends a set C to the set of finite tuples whose elements are in
C.

When discarding binary relations ⊥ and |, this definition is equivalent to that
of a core ontology in [41].

When an ontologyO = (C,R,�,⊥, |, σ) is used in some particular application
domain, we need to populate it with instances. First, we will have to classify
objects of a set X according to the concept symbols in C by defining a binary
classification relation |=C. This will determine a classification C = (X,C, |=C).
Next, we will have to specify over which instances the relations represented by
the symbols in R are to hold, thus classifying finite tuples of objects of X to the
relation symbols in R by defining a binary classification relation |=R. This will
determine a classification R = (X+, R, |=R). Both classifications will have to be
defined in such a way that the partial order �, the disjointness ⊥, the coverage
|, and the arity function σ are respected:

Definition 4. A populated ontology is a tuple Õ = (C,R,�,⊥, |, σ) such that
C = (X,C, |=C) and R = (X+, R, |=R) are classifications and O = (C,R,�,
⊥, |, σ) is an ontology; we say the ontology is correct when, for all x, x1, . . . , xn ∈
X, c, d ∈ C, r ∈ R, and σ(r) = 〈c1, . . . , cn〉,

7 Both disjointness and coverage can easily be extended to more than two concepts,
although we stay with binary relations, for the ease of presentation.
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1. if x |=C c and c � d, then x |=C d;
2. if x |=C c and c ⊥ d, then x 
|=C d;
3. if c | d, then x |=C c or x |=C d;
4. if 〈x1, . . . , xn〉 |=R r then xi |=R ci, for all i = 1, . . . , n.

Notice that we write Õ for a populated ontology and O for the respective un-
populated one.

Transformations of mathematical structures that preserve the structure that
characterises them are usually described with homomorphism (or morphisms,
for short). Thus, we study the mapping of ontologies through the morphisms of
those mathematical structures we have defined for ontologies in Definition 3. The
concept of ‘populated ontology’ is central to our approach to ontology mapping,
and we shall use it later in Proposition 1 in order to justify the following definition
of an ontology morphism:

Definition 5. Given two ontologies O = (C,R,�,⊥, |, σ) and O′ = (C ′, R′,
�′,⊥′, |′, σ′), an ontology morphism 〈f�, g�〉 : O → O′ is a pair of functions
f� : C → C ′ and g� : R → R′, such that, for all c, d ∈ C, r ∈ R, and σ(r) =
〈c1, . . . , cn〉,
1. if c � d, then f�(c) �′ f�(d);
2. if c ⊥ d, then f�(c) ⊥′ f�(d);
3. if c | d, then f�(c) |′ f�(d);
4. if σ′(g�(r)) = 〈c′1, . . . , c′n〉, then c′i �′ f�(ci), for all i = 1, . . . , n.

3.5 Information Flow between Ontologies

Our approach to ontology mapping is built upon the assumption that, in the
context of channel theory, local logics characterise ontologies.

Hence, a populated ontology Õ = (C,R,�,⊥, |, σ)—with C = (X,C, |=C)—
determines a local logic L = (X,C, |=C,�) whose theory (C,�) is given by the
smallest regular consequence relation (i.e., the smallest relation closed under
Identity, Weakening, and Global Cut) such that, for all c, d ∈ C

c � d iff c � d
c, d � iff c ⊥ d
� c, d iff c | d

The characterisation of an ontology as a local logic justifies the IF-Map
method presented in next section, which stems from our intention— explained in
Section 2—to map an unpopulated ontologyO = (C,R,�,⊥, |, σ) to a populated
one Õ′ = (C′,R′,�′,⊥′, |′, σ′), by looking at the information flow. For this rea-
son we “artificially” populate the concept types given in C and the relation types
given in R to obtain classifications C = (Y,C, |=C) and R = (Z,R, |=R) (unlike
a populated ontology, the instances of R need not to be finite tuples of instances
of C), and further establish infomorphisms f : C � C′ and g : R � R′, such
that their type-level components f� and g� constitute an ontology morphism;
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because in that case we know that the populated ontology Õ′ will be a correct
extension of O, in the sense that the images of Õ′’s instances conform to O, as
stated in the following proposition:

Proposition 1. Let O = (C,R,�,⊥, |, σ) be an (unpopulated) ontology, and
let Õ′ = (C′,R′,�′,⊥′, |′, σ′) be a populated ontology with classifications C′ =
(X ′, C ′, |=C′), R′ = (X ′+, R′, |=R′). Let C = (Y,C, |=C) and R = (Z,R, |=R)
be two classifications whose types are the concept and relation types of O. If
Õ′ is correct and f : C � C′ and g : R � R′ are infomorphisms, such that
(f�, g�) : O → O′ is an ontology morphism, then, for all x, x1, . . . , xn ∈ X,
c, d ∈ C, r ∈ R, and σ(r) = 〈c1, . . . , cn〉,
1. f�(x) |=C c and c � d imply f�(x) |=C d;
2. f�(x) |=C c and c ⊥ d imply f�(x) 
|=C d ;
3. c | d implies f�(x) |=C c or f�(x) |=C d;
4. g�(〈x1, . . . , xn〉) |= r implies f�(xi) |= ci, for all i = 1, . . . , n.

Proof.

1. Suppose f�(x) |=C c and c � d. Since f is an infomorphism, x |=C′ f�(c).
Furthermore, c � d implies f�(c) �′ f(d) because 〈f�, g�〉 is an ontology
morphism; consequently, x |=C′ f�(d). Finally, since f is a infomorphism,
f�(x) |=C d.

2. Analogous to 1.
3. Analogous to 1.
4. Suppose g�(〈x1, . . . , xn〉) |= r. Because g is an infomorphism, 〈x1, . . . , xn〉 |=
g�(r). Let σ(g�(r)) = 〈c′1, . . . , c′n〉. By the correctness of Õ′, xi |= c′i, for all
i = 1, . . . , n, and since 〈f�, g�〉 is an ontology morphism, xi |= f�(ci), for all
i = 1, . . . , n. Consequently, and because f is a infomorphism, f�(xi) |= ci,
for all i = 1, . . . , n.

In the next section we describe the ontology mapping method based on the
above characterisation of ontologies as local logics, and ontology morphisms as
logic infomorphisms.

4 The IF-Map Method

We propose a method for mapping ontologies that draws on the mathematical
foundations of information-flow, and we shall use a small easy-to-follow example
to illustrate the core parts of IF-Map.

4.1 Reference and Local Ontology

Let us assume that we want to map two ontologies, a reference ontology with
a local ontology. We follow the scenario given in Section 2 and assume that the
reference ontology has no instances defined, just concept types and constraints
over those types. The local ontology, however, has instances classified under its
concept types according to a classification relation.
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Let the reference ontology be O = (C,R,�,⊥, |, σ), with

– concepts C = {building,vehicle,car};
– relations R = {hasParkingSpaceFor};
– arities σ(hasParkingSpaceFor) = 〈building, vehicle〉; and
– partial order �, disjointness ⊥, and coverage | as defined by the following

lattice:

where � is the top and � is the bottom of the lattice, i.e., building | vehicle
and building ⊥ vehicle.

Let the local ontology be O′ = (C ′, R′,�′,⊥′, |′, σ′), with

– concepts C ′ = {house,cottage,automobile};
– relations R′ = {hasGarageFor,hasShelterFor};
– arities σ′(hasGarageFor) = 〈house, automobile〉, σ′(hasShelterFor) =
〈cottage, automobile〉; and

– partial order �′, disjointness ⊥′, and coverage |′ as defined by the following
lattice:

where � is the top and � is the bottom of the lattice, i.e., house |′ automobile
and house ⊥′ automobile.
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The local ontology, unlike reference ontology, is populated with instances X =
{cabrio,my-home, 4wd ,new -inn, old -inn, coupe}, which are classified as follows,

|=C′ house cottage automobile
cabrio 0 0 1

my-home 1 0 0
4wd 0 0 1

new-inn 1 1 0
old-inn 1 1 0
coupe 0 0 1

This table contains the following information: cabrio, 4wd and coupe are auto-
mobiles, my-home is a house, new-inn and old-inn are specific kinds of houses,
namely cottages. It specifies the classification C′ = (X,C ′, |=C′).

4.2 Characterisation as Local Logics

In order to automatically find mappings between the reference and the local
ontologies that conform to the definition of ontology morphism given in Defini-
tion 5, we will need to look for logic infomorphisms between the local logics that
characterise these ontologies. First we shall concentrate on the concepts symbols
and leave the relation symbols for Section 4.4.

The reference ontology, which is not populated, is characterised by the fol-
lowing local logic. Its regular theory (C,�) has concept symbols as types, and �
is the smallest consequence relation closed by Identity, Weakening, and Global
Cut that includes the following constraints:

building,vehicle �
car � vehicle

� building,vehicle

Recall that the comma on the left-hand side of these constraints has conjunctive
force whereas on the right-hand side it has disjunctive force. Following this,
we can give a declarative reading of the above constraints: Nothing is both a
building and a vehicle; all cars are vehicles; and everything is either a building
or a vehicle.

Since the reference ontology does not have instances of its own, we will need
to provide the theory with a set of instances and a classification of these in-
stances with respect to the types. This can be achieved due to a Fundamental
Representation Theorem (see [3]), which states that a local logic that is gener-
ated from the structure given in a classification is equivalent to the local logic
constructed from its theory by generating formally created instances as follows:

1. We take as instances Y all those sequents 〈Γ,∆〉 that
– form a partition of the set of concepts (Γ ∪∆ = C and Γ ∩∆ = ∅); and
– are not constraints of the theory (Γ 
� ∆)
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For the theory given above, these sequents are

〈{vehicle,car}, {building}〉
〈{building}, {vehicle,car}〉
〈{vehicle}, {building,car}〉

2. We then classify these instances according to the concepts that occur in the
left-hand side component of the sequent:

|=C building vehicle car
〈{vehicle,car}, {building}〉 0 1 1
〈{building}, {vehicle,car}〉 1 0 0
〈{vehicle}, {building,car}〉 0 1 0

The generation of instances by means of sequents and their classification to
types may not seem obvious, but it is based on the fact that these sequents
‘code’ the content of the classification table (the left-hand sides of the these
sequents indicate which columns of the table bear a ‘1’, while the right-hand
sides indicate which columns bear a ‘0’). The local logic that characterises the
reference ontology, i.e., the ontology given by O, is L = (Y,C, |=C,�).

The local ontology is populated, and hence has already instances and a clas-
sification relation. We only need to derive the theory of the local logic that
characterises its concept hierarchy as specified in the lattice above. Therefore,
its regular theory (C ′,�′) has concept symbols as types, and �′ is the small-
est consequence relation closed by Identity, Weakening, and Global Cut that
includes the following constraints:

house,automobile �′

cottage �′ house

�′ house,automobile

The local logic that characterises the local ontology is, thus, L′ = (X,C ′, |=C′

,�′).

4.3 Generation of Ontology Morphisms via Infomorphisms

To map the ontologies, we must find an ontology morphism from O to O′, which
means that there must exist a logic infomorphism f = 〈f�, f�〉 from local logic
L to local logic L′. This amounts to first look for an infomorphism between their
respective classifications:

– A map of concepts f� : C → C ′ (concept-level);
– a map f� from instances cabrio, . . . , coupe to the formally created instances

of the reference ontology (instance-level);
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Note that an ontology morphism, as defined in Definition 5, only captures
the concept-level of the infomorphism, i.e. f�. But f� has to map the concepts
in a way that it respects the hierarchy. One possible way would be:

f�(building) = house
f�(vehicle) = automobile
f�(car) = automobile

However, we should point out that the automatic generation of these maps is
growing exponentially. But we can use the constraint that the map has to respect
the concept hierarchy and limit the number of possible maps. Once the map is
fixed, there is at most one acceptable way to map the instances in order for f
to be an infomorphism.

We do that by building the following table that represents an infomorphism:8

We label rows by the instances in X = {cabrio, . . . , coupe} of the local ontology,
and columns by the reference ontology’s concepts C = {building,vehicle,car}. We
put under each of these concepts the values of the column of the local ontology’s
classification table that corresponds to the image along the map of ontologies f�

(i.e., under building we put the column of house):

building vehicle car
cabrio 0 1 1

my-home 1 0 0
4wd 0 1 1

new -inn 1 0 0
old-inn 1 0 0
coupe 0 1 1

Each row should identify (taking into account the classification table of the
reference ontology) the formal instances to which each local instance should
be mapped onto. Hence, we have the following instance-component of our
infomorphism:

f�(cabrio) = 〈{vehicle,car}, {building}〉
f�(my-home) = 〈{building}, {vehicle,car}〉
f�(4wd) = 〈{vehicle,car}, {building}〉
f�(new -inn) = 〈{building}, {vehicle,car}〉
f�(old -inn) = 〈{building}, {vehicle,car}〉
f�(coupe) = 〈{vehicle,car}, {building}〉

We can also interpret the above table (and its resulting mapping of instances) as
follows: cabrio is classified as both a vehicle and a car, according to the reference
ontology. No other classification is possible without violating the definition of
infomorphism. If cabrio was a vehicle but not a car, the local ontology would
have been classifying its instances in a way that does not conform to the reference
ontology and the fixed map of concepts.
8 Infomorphisms can themselves be represented by means of classification tables; this

draws on theoretical work based on Chu spaces [17,1,36].
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4.4 Relations and Their Arities

In order to constrain the search space when infomorphisms are generated in an
automated way, we use ontological relations to guide the classification process
that will result in the ontology mapping, namely by looking for infomorphisms
g : R→ R′ in a similar fashion as before. So, in our example case, we have the
following relation defined in the reference ontology:

hasParkingSpaceFor : building× vehicle

that is, the binary relation hasParkingSpaceFor holds over building and vehicle.
Similarly, in the local ontology we have the following two binary relations:

hasGarageFor : house× automobile
hasShelterFor : cottage× automobile

These Local relations could be used to classify pairs of local instances:

hasShelterFor hasGarageFor
〈my-home, cabrio〉 0 0
〈my-home, 4wd〉 0 0
〈my-home, coupe〉 1 1
〈new -inn, cabrio〉 1 0
〈new -inn, 4wd〉 0 0
〈new -inn, coupe〉 1 0
〈old-inn, cabrio〉 0 0
〈old-inn, 4wd〉 1 0
〈old-inn, coupe〉 0 0

That is, my home has a garage (also considered a shelter) only for a coupe,
the new inn has a shelter for a cabrio and a coupe, and the old inn has shelter
for a 4wd. We then take these pairs and classify them according to the concepts
of the reference ontology to determine the mapping of these ontologies:

1. Generate a classification of the above pairs with respect to the reference
ontology’s relation, by taking any of the two columns of the table above;
this gives us two possibilities to explore, suppose we choose:

hasParkingSpaceFor
〈my-home, cabrio〉 0
〈my-home, 4wd〉 0
〈my-home, coupe〉 1
〈new -inn, cabrio〉 1
〈new -inn, 4wd〉 0
〈new -inn, coupe〉 1
〈old-inn, cabrio〉 0
〈old-inn, 4wd〉 1
〈old-inn, coupe〉 0

This is the column corresponding to hasShelterFor, and consequently
g�(hasParkingSpaceFor) = hasShelterFor.
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2. The arity of relation hasParkingSpaceFor forces to classify the instances as
follows:

building vehicle car
cabrio 1

my-home 1
4wd 1

new -inn 1
old -inn 1
coupe 1

3. Then we need to complete the table according to the definition of infomor-
phism. This is done as follows: Columns have to correspond to columns of
the local ontology’s classification table. The only possible completion is:

building vehicle car
cabrio 0 1

my-home 1 0
4wd 0 1

new -inn 1 0
old -inn 1 0
coupe 0 1

Hence,
f�(building) = house
f�(vehicle) = automobile

Rows have to correspond to rows of the reference ontology’s classification
table. The only possible completion is:

building vehicle car
cabrio 0 1 1

my-home 1 0 0
4wd 0 1 1

new -inn 1 0 0
old -inn 1 0 0
coupe 0 1 1

Hence,
f�(car) = automobile ,

which completes one possible valid ontology mapping.

The steps described above constitute the core part of the IF-Map method.
We complement it with heuristic-based techniques to help us initiate the info-
morphism generation.
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4.5 Initiating the IF-Map Method

Our definition of ontology morphism (Definition 5) enforces an arity-compatibili-
ty check to ensure that the local instances are mapped onto appropriate reference
types. When automating this step though, we have to be careful for undesired
assignments. These arise when the prospective relations to be mapped share
the same types but do not have the same semantics. For instance, assume that
the reference ontology has relation hasJobTitle defined over concepts employee
and string and the local ontology has relation authoredBy defined over string and
employee.9 The infomorphism generation will map the reference concept employee
to the local concept string and the reference concept string to the local concept
employee, which will inevitably map the hasJobTitle relation to authoredBy by
virtue of sharing the same types.

To tackle this problem we are thinking of two possible ways: (a) We provide a
partial map of concepts from one ontology to concepts of the other or (b) classify
some instances from the local ontology to their counterparts in the reference
ontology. This way we can say that the reference concept employee maps onto
the local concept employee and the reference concept string maps onto the local
concept string and only this mapping between these types is possible. This will
constrain the infomorphism generation and the undesired infomorphisms will not
appear. To do this partial mapping automatically we employ a set of heuristics
(originally described in [20], pp.95–97, and enhanced for IF-Map). In particular,
these heuristics are working on a purely syntactic match fashion but they use
the is-a hierarchy and type checking to find types that are shared by relations
in both ontologies. The algorithm goes like that:

1. Find relation names from both ontologies that are syntactically equivalent
(i.e., publishedBy from the reference ontology matches publishedBy from the
local ontology);

2. check if their argument types match (since we are dealing with binary re-
lations, both argument types have to match, for instance employee for the
reference and ontologies; paper for the reference and local ontologies);

3. use these types to fix a partial map to start the infomorphism generation;
4. if step 2 fails, then traverse the is-a hierarchy of types and find syntactically

common types that subsume or are subsumed by the common relations’
argument types (we traverse the is-a hierarchy in both directions: We check
for parent and child nodes of the starting node);

5. those that are found syntactically equivalent will be used as in step 3 for
partially fixing the initial map of the two ontologies;

6. if step 2 yields only one argument type match, use it and do step 4 for the
other argument type.

Note that this algorithm relies on the existence of common relation names
in both ontologies. These are syntactically invariant type names. We assume
9 Note that here the reference and local ontologies are not the same ontologies used

in the mapping example.
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that since the role of reference ontologies within a community is to favour the
sharing of knowledge expressed by means of different local ontologies, many of
the names of concepts and relations used to express the reference ontology are
syntactically equivalent to the ones used in the local ontologies to express the
same (or similar) concepts and relations. If they are not, in which case we have
syntactically variant type names, we use another algorithm which makes use of
similar heuristics but the main difference is that step 2 above is now the first
step and we don’t employ step 1 at all. This will allow us to find syntactically
variant type names that hold over the same argument types (or their dependants
after the taxonomy of types has been traversed). However, this algorithm can
yield irrelevant results as the types might be semantically different and not be
a simple syntactic variation of the same concept.

In this case, the algorithms described cannot initiate IF-Map and then we
turn to the second solution proposed above, which is to let the knowledge en-
gineer classify instances manually. This solution though, requires familiarisation
of the engineer with both the reference and local ontologies.

5 Application of IF-Map

We applied the algorithmic steps described in the illustrative example of Sec-
tion 4 in a large-scale experiment that we conducted in the context of the AKT
project (http://www.aktors.org). We have not finished our experiments yet,
but we have done enough to assess IF-Map. The setting of the experiment is
as follows: In the AKT project, five participating universities are contributing
their own ontologies representing their own important concepts in the domain
of computer science departments in the UK. There is also a reference ontology,
AKT Reference, which was built collaboratively by interested participants
from all five sites. So, we had to deal with five local ontologies and one reference
ontology. The local ontologies were populated whereas the reference ontology
was not. That is in-line with the IF-Map scenario we described in Section 4.
Furthermore, since local ontologies are maintained locally by each participat-
ing site, it is anticipated to face a variety of formalisms and use different tools
for ontology design, development, and deployment. IF-Map’s architecture (see
Section 2) however, allows for different formalisms to be used as input.

One of our case studies was to apply IF-Map to map AKT Reference
to Southampton’s and Edinburgh’s local ontologies, Soton and Edin. These
local ontologies are populated with a few thousand instances (ranging from 5k
to 18k) and a few hundreds of concepts. There are a few axioms defined, and
both have relations. AKT Reference is more compact, it has no instances and
approximately 65 concepts with 45 relations. There are a few axioms defined as
well. In Figure 6 we include two screenshots, one from Ontolingua-encoded AKT
Reference—in particular, the organisations sub-ontology—and the translated
version of this fragment in Prolog clauses.10 As we mentioned earlier (Section 2),
10 The reader should bear in mind that clauses in the Prolog version denote the typing

of the relations and not logical implications.
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our translation is a partial and customised for the IF-Map application. Therefore,
from the Ontolingua fragment shown in Figure 6 we only extract and transform
to Prolog clauses the class hierarchy (by regarding frames as classes) and the
relations along with their arities (which is used for type checking to bind appro-
priate tokens to types when using Prolog’s backward chaining inference engine).

Fig. 6. A window with an Ontolingua fragment of AKT Reference overlapped by a
smaller window showing a partial translation of this in Prolog clauses.

In Figure 7 we include two screenshots, one from the Protégé-edited So-
ton—in particular, highlighting the class person and its template slots—and
the translated version of this fragment in Prolog clauses. As with the reference
ontology translation, we partially translate predefined fragments of the local
ontology like class hierarchy and relations along with arities.

In Figure 8 we include a screenshot of our Web accessible RDF results page
for some relations and concepts. In this page, we show a small fraction of the
results from mapping concepts and relations from AKT Reference to to their
counterparts in Soton. The concepts shown can be traced back to the previous
figures where the original format is shown. As we can see, apart from mapping
concepts, like AKT Reference’s document to Soton’s publication we also map
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Fig. 7. A window with a Protégé fragment of Soton overlapped by a smaller window
showing a partial translation of this in Prolog clauses.

relations: AKT Reference’s hasappellation to Soton’s title. The arities of
these relations allow this sort of mapping, whereas in other ontologies this would
have been inappropriate, when for example title refers to title of a paper. These
mappings were generated automatically, and IF-Map initiated these with the
semantically-rich heuristics we described in 4.5.

The algorithms we have implemented so far are of exponential complexity in
the number of concepts, because they are based on a declarative Prolog spec-
ification of the mapping principle explained in in Section 4. Consequently, we
currently base the IF-Map method on an incremental construction of ontology
morphisms, in order to tackle large-scale ontologies: First, only certain manage-
able fragments of the ontologies are mapped, and next, these fixed maps are used
to guide the generation of larger fragments, in the manner explained in Section 4.
We are currently investigating heuristics for the automatic identification of such
fragments.
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Fig. 8. Results of ontology mapping in Web accessible RDF format.

6 Related Work

IF-Map, amid its well-defined purpose of ontology mapping and, extensionally,
merging, taps on a number of areas and uses techniques discussed in diverse
communities. Therefore, it is impossible to compile an exhaustive list of refer-
ences to related work, but we have deliberately expanded the scope of references
to cover as many representative works as possible; for a more in-depth survey on
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ontology mapping, see [21]. At the same time though, we were careful to identify
works that are related somehow with IF-Map’s core characteristics: Use of formal
definitions of ontology mapping, use of information-flow theory, expressed in a
declarative and executable language in a domain and tool independent manner,
applied as a method and as a theory for ontology mapping, and being—under
circumstances—fully automatic.

Not all of the references we cite here meet these criteria; some provide features
that IF-Map does not support and others focus on a single criterion of the list
given above. Nevertheless, the diversity of works reported in this section demon-
strates the importance of the topic in a number of communities. This paper’s
scope, though, prevents us from getting into great detail when describing related
work hereinafter, but we give a flavour of the current landscape in ontology map-
ping research across different communities. Among the few formal approaches in
ontology mapping and merging is that of FCA-Merge [41]. It is based on Formal
Concept Analysis [14] and it is aimed, mainly, at merging ontologies. Its devel-
opers, Stumme and Maedche, incorporate natural language techniques in their
FCA-based method to derive a lattice of concepts. The lattice is then explored
manually by a knowledge engineer who will build the merged ontology with
semi-automatic guidance from FCA-Merge. In particular, FCA-Merge works as
follows: The input to the method are a set of documents—from which concepts
will be extracted—together with the ontologies that will be merged. These doc-
uments should be representative of the domain at question and be related to
the ontologies. They also have to cover all concepts from both ontologies as well
as separating them well enough. These strong assumptions have to be met in
order to obtain good results from the FCA-Merge. As this method relies heavily
on the availability of classified instances in ontologies to be merged, the authors
argue that this will not be the case in most ontologies so they opt to extract
instances from documents. In this respect, the first step of FCA-Merge could be
viewed as an ontology population mechanism. This initial step in FCA-Merge
could be skipped though, when there is a shared set of instances classified to the
concepts in both ontologies. Once the instances will be extracted,11 Stumme and
Maedche construct the concept lattice and from there provide semi-automatic
support for the knowledge engineer to derive the final merged ontology.

Formal Concept Analysis has also been used by the database community in
their federated databases domain. In particular, Schmitt and Saake employ For-
mal Concept Analysis techniques to assist database schema integration [37]. The
focus of their work is to merge different inheritance hierarchies by decomposing
overlapping class extensions into base extensions and use Formal Concept Anal-
ysis techniques to inform algorithms for integrating the databases schemata. In
the Scalable Knowledge Composition (SKC) project, Jannink et al. [19] presented
the use of a rule-based algebra for encapsulating and composing ontologies. On-

11 We do not refer to natural language techniques and methods used in this process
by FCA-Merge developers, since they are peripheral to our interests in ontology
mapping.
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tologies are clustered in contexts, and the authors use a rule-based algebra to
define interfaces to link the extracted contexts with the original ontologies.

Noy and Musen have developed two systems for performing ontology merg-
ing and alignment in the Protégé-2000 ontology development environment [16]:
SMART [33] and its successor PROMPT [34]. These tools use linguistic similar-
ity matches between concepts for initiating the merging or alignment process and
then use the underlying ontological structures provided by the Protégé-2000 envi-
ronment (classes, slots, facets) to inform a set of heuristics for identifying further
matches between the ontologies. A similar tool has been developed by McGuin-
ness et al. for the Ontolingua ontology editor: Chimaera [29]. As in PROMPT,
this tool is interactive and the engineer is in charge of making decisions that will
affect the merging.

From the machine learning perspective we report the works of Lacher and
Groh [26] and Doan et al. [9] where their systems employ machine learning
algorithms in conjunction with similarity measures to yield prospective map-
pings between ontology concepts. Other works worth citing here are Chalup-
sky’s OntoMorph [6] translation system for symbolic knowledge, Kiryakov et
al.’s OntoMap portal [25] for mapping linguistic ontologies, the OBSERVER
system [30] by Mena et al. for information integration, Gangemi et al.’s [13]
ONIONS methodology for medical ontologies, Visser and Tamma’s heterogene-
ity categorisation [42], and the reports from Pinto et al. [35] and Noy and Hafner
in [32].

7 Conclusion

In this paper we have presented a novel method and a theory for ontology map-
ping. We formalised the notion of ontology, ontology morphism and ontology
mapping and linked them to the formal notions of local logic and logic info-
morphism stemming from IF theory. We then applied them in a mechanised
manner—IF-Map—to map diverse ontologies. The first results are promising for
the application of IF-Map to large-scale ontology mapping efforts and we con-
tinue researching fruitful extensions of it, such as ontology merging, reasoning
about ontology evolution, and inclusion of ontological axioms.

The automation of ontology mapping as provided by IF-Map provides auto-
mated support in the alignment of ontologies by automatically generating map-
pings between a reference and various local ontologies. For instance, for the
special case of data integration, this would correspond to automatic generation
of source descriptions, e.g. formalised as views over a mediated schema [18]. The
correspondence, though, is not exact, as views over a mediated schema could
be more expressive than IF-Maps current concept-to-concept and relation-to-
relation mapping.

In this sense it would be interesting to work on the integration of previous
approaches to semantic integration by the database community with recent ef-
forts carried out by the ontology community (see, e.g., [21]) in the context of
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our approach to ontology mapping based on the Barwise-Seligman theory of
information flow, as it might further illuminate the long road lying ahead.
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Abstract. Ontologies now play an important role for many knowledge-intensive
applications for which they provide a source of precisely defined terms. The terms
are used for concise communication across people and applications. Tools such as
ontology editors facilitate the creation and maintenance of ontologies. OntoEdit is
an ontology editor that has been developed keeping five main objectives in mind:
1. Ease of use. 2. Methodology-guided development of ontologies. 3. Ontology
development with help of inferencing. 4. Development of ontology axioms. 5.
Extensibility through plug-in structure.1

1 Introduction

Ontologies now play an important role for many knowledge-intensive applications for
which they provide a source of formally defined terms. They aim at capturing domain
knowledge in a generic way and provide a commonly agreed understanding of a domain,
which may be reused, shared, and operationalized across applications and groups. How-
ever, because of their size, their complexity and their formal underpinnings ontologies
are still far from being a commodity.

This urgent need motivated researchers in recent years to support the ontology engi-
neering process. Mainly, we have seen three directions. Firstly, several seminal propos-
als for guiding and supporting the ontology development process have been proposed
[UK95,GP96,WG01]. Secondly, a considerable number of tools that support the ontol-
ogy engineering process [DSW+00,NFM00,ACFLGP01,Dom98] have been developed.
Third, inferencing mechanisms for large ontologies have been developed and imple-
mented (cf., e.g., [Hor98]). However, only few of these seminal works have worked
towards integrating these aspects.

OntoEdit is an ontology editor that is rather unique in its kind as it is based on a recent
methodology for ontology development (cf. [Sur03]) and as it makes comprehensive

1 This paper is based on the previously published [SSA02].
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use of inferencing. In particular, OntoEdit focuses on three main steps for ontology
development (as also described in [SSSS01]), viz. requirements specification, refinement
and evaluation2.

First, all requirements of the envisaged ontology are collected. Typically an ontology
engineer captures domain and goal of the ontology, design guidelines, available knowl-
edge sources (e.g. reusable ontologies and thesauri etc.), potential users and use cases and
applications supported by the ontology. Output of this phase is a semi-formal descrip-
tion of the ontology. Second, during the refinement phase the semi-formal description
is extended and completely formalized into an appropriate representation language. The
language is chosen according to the requirements for the ontology, e.g. identified appli-
cations that will be supported by the ontology. Output of this phase is a mature ontology
(aka. “target ontology”). Third, the target ontology needs to be evaluated according to
the requirement specifications and formal evaluation criteria (e.g. as proposed in the
OntoClean methodology, cf. [WG01]). Typically this phase serves as a proof for the
usefulness of developed ontologies.

Support for these development steps is a crucial objective that must be merged with
the conflicting needs for ease of use and the construction of complex ontology structures.

In the following, we will first present a brief, real-life case study on configuration
management that motivates our examples given thereafter. Section 3 explains theoretical
and practical issues of the inference engine that constitutes the internal knowledge model
of OntoEdit. The Sections 4 to 6 correspond to the core steps of the ontology develop-
ment methodology sketched above. In particular, they elucidate how inferencing is used
for supporting methodology-based ontology construction and evaluation and how this
support is clad into a user-friendly environment.

2 Case Study: Configuration Management

We have developed an ontology based configuration tool OnKo for the German Telecom.
It represents a set of IT components together with their complex interrelationships. It
supports an interactive configuration process of such components to IT systems and IT
landscapes. It contains intelligent search and retrieval of already existing IT systems with
similar functionality and thus integrates already existing experience of the company.

The ontology is exploited for navigation purposes. The user can switch between dif-
ferent views, i.e. specialization view, part-of view etc. to the available components and
thus the user is able to choose the best presentation for the current configuration task.
These views are represented as hierarchical trees and additional links between the nodes
enabling a simple interactive search within the available IT components. By this way the
user subsequently searches for components and adds them to the current configuration.
In each step the interrelationships of the components of the current configuration are
checked for consistency and feed back is delivered. Thus upcoming dead ends of config-
urations which would not work are recognized early. The system automatically derives
new knowledge and makes further suggestions about possible extensions of the current
configuration which therefore must not be specified by the user. This “mixed initiative

2 In another companion paper [SEA+02], we have described how OntoEdit supports collaborative
ontology engineering.
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intelligence” strategy enables the development of a configuration in close cooperation
with the user and thus supports the user without telling him what to do.

In Figure 1 a screenshot of OnKo is shown. In the left frame the user navigates within
an is-a hierarchy of the components. This view may be switched to a part-of hierarchy.
The attribute values of a selected component are editable in a form in the middle frame.
The selected component together with its attribute values are used to derive attribute
values of dependent components, i.e. the frequency of the processor is propagated up-
wards in the part-of hierarchy to constitute the frequency of the entire computer. The
current configuration with all its components is shown in the right frame. If a configura-
tion contains inconsistent components which is checked by applying consistency rules,
appropriate error and warning messages are immediately given and alternatives for a se-
lected component are presented to the user which make the configuration consistent. In
each step the current configuration may be compared to similar existing configurations
in the company. This makes existing experience transparent to the user compiling a new
configuration.

Fig. 1. OnKo an interactive configuration tool for the German Telecom

In our screenshot the current configuration contains two incompatible components:
“Omni”, a web server software, does not work on “Linux”. To solve this incompatibility,
the system suggests to use “Windows” or “Windows2000” or ... etc. instead of “Linux”.
A user may now replace incompatible components to get a valid configuration for a
computer system.

In the following, we will show some examples experienced in this case study.

3 Inferencing – Theoretical and Practical Issues

3.1 Logical Framework

In order to provide a clearly defined semantics to the knowledge model of OntoEdit, the
knowledge structures of OntoEdit correspond to a well-understood logical framework,
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viz. F-Logic (cf. [KLW95], “F” stands for “Frames”). F-Logic combines deductive and
object-oriented aspects: “F-logic [...] is a deductive, object-oriented database language
which combines the declarative semantics of deductive databases with the rich data
modelling capabilities supported by the object oriented data model.” (cf. [FHKS96])

F-Logic allows for concise definitions with object oriented-like primitives (classes,
attributes, object-oriented-style relations, instances) that are reflected by the OntoEdit
GUI. Furthermore, it also has Predicate Logic (PL-1) like primitives (predicates, function
symbols), that are only partially reflected in the GUI but internally used within the data
structures. F-Logic allows for axioms that further constrain the interpretation of the
model. Axioms may either be used to describe constraints or they may define rules, e.g.
in order to define a relation R by the composition of two other relations S and Q.

F-Logic rules have the expressive power of Horn-Logic with negation and may be
transformed into Horn-Logic rules. The semantics for a set of F-Logic statements is de-
fined by the well-founded semantics (cf. [vRS91]). This semantics is close to First-Order
semantics. In contrast to First-Order semantics not all possible models are considered
but one “most obvious” model is selected as the semantics of a set of rules and facts. It
is a three valued logic, i.e. the model consists of a set of true facts and a set of unknown
facts and a set of facts known to be false.

In comparison to other logic-based representation languages for ontologies, F-Logic
is quite well suited for the usage within the World Wide Web (cf. [Dec02]). Unlike
Description Logics (DL), F-Logic does not provide means for subsumption [Hor98], but
(also unlike DL) it provides for efficient reasoning with instances and for the capability
to express arbitrary powerful rules, e.g. ones that quantify over the set of classes.

The most widely published operational semantics for F-Logic is the alternating fixed
point procedure. This is a forward chaining method which computes the entire model
for the set of rules, i.e. the set of true and unknown facts. For answering a query the
entire model must be computed (if possible) and the variable substitutions for the query
are then derived. In contrast, the inference engine Ontobroker performs a mixture of
forward and backward chaining based on the dynamic filtering algorithm (cf. [KL86])
to compute (the smallest possible) subset of the model for answering the query. In most
cases this is much more efficient than the simple evaluation strategy. These techniques
stem from the deductive data base community and are optimized to deliver all answers
instead of one single answer as e.g. resolution does.

Within the F-Logic compiler F-Logic statements are translated to normal programs.
Normal programs are Horn programs where rules may contain negated literals in their
bodies. Horn Logic is Turing Complete, thus F-Logic programs are not decidable in
principle. The semantics defined for these normal programs is the well-founded seman-
tics [van93]. In contrast to the stratified semantics the well-founded semantics is also
applicable for rules which depend on cycles containing negative rule bodies. Because
F-Logic is very flexible, during the translation to normal programs such negative cycles
often arise. In [vRS91] the alternating fixpoint has been described as a method to op-
erationalize such logic programs. This method has been shown to be very inefficient.
Therefore the inference engine realizes dynamic filtering [KL86] which combines top-
down and bottom-up inferencing. Together with an appropriate extension to compute
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the well-founded semantics this method has been proven to be very efficient compared
to other horn based inference engines (cf., e.g., [SSA02]).

For detailed introductions to the syntax and the object model of F-Logic, in partic-
ular with respect to the implementation of F-Logic in Ontobroker, we refer to [Erd01],
[Dec02] and [Ont02].

3.2 Inference Engine Ontobroker

The inference engine Ontobroker (cf. [DEFS99]) was developed in numerous years of
scientific research (cf., e.g., [Ang93,Fen95,Erd01,Dec02]) and is now being commercial-
ized by the company Ontoprise3. It comes with several features that makes it adequate
not only for inferencing purposes but rather as a backbone for an ontology editor. In
particular, it provides:

– A namespace mechanism: Thus, several ontologies (or ontology parts) may be syn-
tactically split into modules and processed by different inference engines.

– Switch-off: It is possible to switch of (possibly singleton) sets of definitions. Thus,
one may test interactions and easily distinguish between modules.

– Rule names: Each rule can be identified and accessed via a unique name.
– Database Connectors: Thus, one may easily map db tables into predicates via, e.g.,

JDBC.
– User-definable Built-ins: Besides of standard built-ins like “multiply”, the user may

define his own ones for special purposes.
– An extensive API: Thus, one may remotely connect to the inference engine and one

may also import and export several standards (e.g., RDF(S)).

4 Requirements Specification

Like in software engineering and as proposed by [GP96], we start ontology development
with collecting requirements for the envisaged ontology. Typically this task is performed
by a team of experts for the domain accompanied by experts for modeling. The outcome
of this phase is (i) a document that contains all relevant requirement specifications (do-
main and goal of the ontology, design guidelines, available knowledge sources, potential
users and use cases and applications supported by the ontology) (ii) a semi-formal on-
tology description, i.e. a graph of named nodes and (un-)named, (un-)directed edges,
both of which may be linked with further descriptive text.

To operationalize a methodology it is desirable to have a tool that reflects and sup-
ports all steps of the methodology and guides users step by step through the ontology
engineering process. Along with the development of the methodology we therefore ex-
tended the core functionalities of OntoEdit by two plug-ins to support first stages of the
ontology development, viz. OntoKick and Mind2Onto4.

3 Ontoprise GmbH, see http://www.ontoprise.de/
4 Describing the plug-in framework is beyond the scope of this paper, it is described in [Han01].

The basic idea is to expand OntoEdit’s functionalities through plug-ins.
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OntoKick targets at (i) creation of the requirement specification document and (ii)
extraction of relevant structures for the building of the semi-formal ontology description.
Mind2Onto targets at integration of brainstorming processes to build relevant structures
of the semi-formal ontology description. As computer science researchers we were fa-
miliar with software development and preferred to start with a requirement specification
of the ontology, i.e. OntoKick. People who are not so familiar with software design
principles often prefer to start with “doing something”. Brain storming is a good method
to quickly and intuitively start a project, therefore one also might begin the ontology
development process with Mind2Onto.

4.1 OntoKick Plugin

OntoKick is an OntoEdit plug-in that extends the functionality of OntoEdit by support
for requirements specification. OntoKick allows for describing important aspects of
the ontology, viz.: the domain and the goal of the ontology, the design guidelines, the
available knowledge sources (e.g. domain experts, reusable ontologies etc.), the potential
users, the use cases, and the applications supported by the ontology. OntoKick stores
these descriptions with the ontology definitions.

As proposed by [UK95], we use competency questions (CQ) to define requirements
for an ontology. Each CQ defines a query that the ontology should be able to answer
and therefore defines explicit requirements for the ontology. Typically, CQs are derived
from interviews with domain experts and help to structure knowledge. We take further
advantage of using them to create an initial version of the semi-formal description of the
ontology. Based on the assumption that each CQ contains valuable information about the
domain of the ontology we extract relevant concepts and relations (see example below).
Furthermore, OntoKick establishes and maintains links between CQs and concepts de-
rived from them. This allows for better traceability of the origins of concept definitions
in later stages.

We illustrate the usage of CQs by an example from our case study. Figure 2 shows a
screenshot of our ontology environment OntoEdit presenting the configuration manage-
ment ontology. In the left column, one may recognize an excerpt of the is-a hierarchy of
concepts from our case study ontology. One concept is selected, i.e. highlighted, (“Bus
systems”, i.e. bus systems of microprocessors), in the right column all relations and
attributes for the selected concept are shown. A context menu for the selected concept
offers possibilities for typical modification (e.g. id, external representations and doc-
umentations in multiple languages etc.) including the feature to show corresponding
competency questions.

The methodology is supported as follows. First, the ontology engineer has inter-
viewed an expert in configuration management. Thereby they have identified CQs, e.g.
“With which bus systems are AS400 equipped?”. Based on these CQs the ontology engi-
neer has created the semi-formal description of the ontology. He has identified relevant
concepts and relations from the above-mentioned CQ, e.g. “bus systems”. After captur-
ing CQs and modeling the ontology with OntoEdit the ontology engineer has been able
to retrieve the corresponding CQ for each concept and relation, helping him to identify
the context in which they were modelled.
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Fig. 2. A Competency Question (CQ) in the Ontology Engineering Environment OntoEdit

4.2 Mind2Onto Plugin

Mind2Onto is a plug-in for supporting brainstorming and discussion about ontology
structures. Especially during early stages of projects, brainstorming methods are com-
monly used to quickly capture pieces of relevant knowledge. A widely used method are
mind mapsTM [Buz74], they were originally developed to support more efficient learning
and evolved to a management technique used by numerous companies. A mind mapTM

provides information about a topic that is structured in a tree. Each branch of the tree is
typically named and associatively refined by it’s subbranches. Icons and pictures as well
as different colors and fonts might be used for illustration purposes. The assumption is
that our memory performance is improved by these visual aspects. There already exist
numerous tools for the creation of digital mind mapsTM. Many people from academia and
industry are familiar with mind mapsTM and related tools – including potential ontology
engineers and domain experts. Therefore the integration of digital mind mapsTM into the
ontology development process is very attractive (cf., e.g., [LS02]).
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Fig. 3. Mind Map for OnKo

We relied on a widely used commercial tool5 for the creation of mind mapsTM. It
has advanced facilities for graphical presentations of hierarchical structures, e.g. easy
to use copy&paste functionalities and different highlighting mechanisms. It’s strength
but also it’s weakness lies in the intuitive user interface and the simple but effective
usability, which allows for quick creation of mind mapsTM but lacks of expressiveness
for advanced ontology modeling. By nature, mind mapsTM have (almost) no assumptions
for it’s semantics, i.e. branches are somehow “associatively related” to each other. This
assumption fits perfectly well during early stages of ontology development for quick
and effective capturing of relevant knowledge pieces and makes the mind mapTM tool a
valuable add-on. Figure 3 shows a draft mind mapTM for the OnKo system.

Mind2Onto integrates mind mapsTM into the ontology engineering process. Currently
OntoEdit and the mind mapTM tool interoperate through import and export facilities based
on XML.

5 Ontology Refinement

In the ontology refinement phase the semi-formal description of the ontology is extended
and the ontology is completely formalized in order to make it machine understandable
and processable. In this phase we take advantage of the inferencing capabilities of On-
toEdit for several purposes.

5 MindManagerTM 2002 Business Edition, cf. http://www.mindjet.com



136 Y. Sure, J. Angele, and S. Staab

5.1 Reuse by Semantic Integration

Reuse in the refinement phase comes in two flavors. First, we may exploit existing
thesauri, e.g. ones that are stored in databases by semantically integrating them into
the inferencing model. As in general information integration [WG97], this involves two
steps. The first step concerns the mapping onto a common data model. For this purpose,
we take advantage of the inference engine’s capabilities, viz. to read in RDF(S) [BG02],
to connect to relational databases, to provide further built-ins (e.g. for connection to XML
repositories). The outcome of this step are data in F-Logic structures, but with some rather
arbitrary semantics. In the second step, we build rules to map the outcome of the first step
into the desired categories. For instance, we may map a relational database table-like
structure into a target structure of sub- and superconcepts.An example may be given with
a database table that contains WordNet hyponyms and synonyms. Our example is based
on a locally installed mySQL database system that contains a ’wordnet-db’ database.

1. In the first step we map this table into an equivalent predicate hyponym:

FORALL C,D hyponym(C,D)←
dbaccess(hyponym, F (‘sub’, C, ‘super’, D), ‘mySQL’,

‘wordnet-db’, ‘localhost’).

2. In the second step, we define the objects of the predicted hyponym to be subconcepts
of Computer if it is known that one of their superconcepts is a subconcept of
Computer:

FORALL C,D C :: D ← hyponym(C,D) AND D :: Computer.

Taken the two steps together, this means: “Specify everyC to be a subclass ofD if in
the mySQL database called ‘wordnet-db’on my local machine the table called hyponym
there is a row with attribute ‘sub’ being C and ‘super’ being D and simultaneously D is
already known to be a subclass of Computer.”

Combining such a query for hyponyms with search for synonyms yields about 100
terms, not all of which are obvious and which may be considered for inclusion in the
ontology. Thus, one may easily reuse existing thesauri or database schema in order to
generate a large number of concepts fast and organize them in a taxonomy.

5.2 Reusing Axioms Integrating Them into the Ontology

Secondly, one may reuse axioms definitions from a library of ontology modules that
are distinguished by namespace mechanism. A set of axiom definitions specified in one
domain is reusable in another domain by the inference engine’s capability to store and
load axioms from a library to and into different namespaces in a way that is reusable for
another domain.

For instance, partonomic role propagation may be given for a medical ontology (cf.
[HSR99b] for a comprehensive description and appendix A for an illustrating example),
but it has been reused for describing properties of computer systems. The underlying
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idea of partonomic role propagation is that some properties of parts of a system are
propagated to the whole. For instance, the clock frequency of the CPU is frequently
used as being descriptive of the overall computer system — while others like frequency
rates of the bus system are not used for that abstracting purpose.6

We specify an axiom library by a meta-predicate. In this current example, this pred-
icate is named PartonomicRolePropagation. This meta-predicate takes four input pa-
rameters (cf. the formal specification in Table 1):

1. The relation that is propagated (frequencyOf), because not every relation is propa-
gated from a part to a whole.

2. The relation that is propagating (physicalPartOf ), because not every relation thay
may be propagated is propagated along all part-whole relations.

3. The whole up to which the relation is maximally propagated (ComputerSystem),
because propagation may be stopped (e.g. frequencyOf should not be propagated
to a car that the computer system is a part of).

4. The concept for the instances of which the relation may be propagated (e.g., a (here
fictitious) WheelFrequency might not be propagated), because not every class is
treated the same.

Table 1. Partonomic Role Propagation

0 PartonomicRolePropagation(frequencyOf,
physicalPartOf, ComputerSystem, ClockFrequency)

1 ∀x, y, z, R, S, C, D x[R→→ z]←
PartonomicRolePropagation(R, S, C, D) AND
x : D AND x[R→→ y] AND y[S →→ z] AND
partInstanceOf(z, C, S).

2 ∀z, C, S partInstanceOf(z, C, S)←
∃E z : E AND partOfAlong(E, C, S).

3 ∀C, S partOfAlong(C, C, S).
4 ∀E, C, S partOfAlong(E, C, S)←

∃F partOfAlong(E, F, S) AND
∃Q F [Q→→ C] AND Q :: S.

5 ∀x, y, S, R x[S →→ y]← R :: S AND x[R⇒⇒ y].

5.3 Reusing Axioms Applying Them to the Ontology

Besides of integrating axioms from a library into the ontology, one may apply axioms
in order to enforce constraints on the ontology. We distinguish three major types:

1. Axioms of F-Logic: They are an integral part of the F-Logic definition. However,
not all of them are needed for inferencing during the usage of the ontology. For
instance, type coercion at the conceptual level:

6 Similarly, the color of the car body is typically equated with the color of the car. This is not
true for the color of the seats, though seats and car body are both parts of the car.
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FORALL C,D,E,R, T E :: T ← C[R ⇒⇒ T ] AND D :: C[R ⇒⇒ E].

“Specify E as a subclass of T if some concept C has a relation R with range T and
a subclass D of C has a relation R with range E.”

2. Axioms for domain-specific consistency: They enforce consistency constraints at
building time. E.g., they may enforce that the relation hasPhysicalPart is without
cycles:

NonCyclic(hasPhysicalPart).
FORALL X,R Undefined ← NonCyclic(R) AND X[R ⇒⇒ X].

“hasPhysicalPart is of type NonCyclic. Indicate consistency violation if a relation
R is of type NonCyclic and X is related via R to itself.”

3. Axioms enforcing modeling policies: Such axioms do not add to the semantic
description, but they are applied in order to enforce semiotic constraints, e.g. that
no subconcept should have more than n subconcepts, that no hierarchy should be
deeper than m, or that every attribute symbol should begin with a lower case letter
(see also Section 6.3):

FORALL R Undefined ←
EXISTS X,Y X[R⇒⇒ Y ] AND NOT regexp(‘ˆ[a− z]’, R).

“Indicate consistency violation if there exists a relation symbol R between some
classes X,Y and it does not match with a string beginning with lowercase alpha-
betical letters.”

The three types of axioms just described are not integrated into the ontology, be-
cause once the ontology is fixed and remains unchanged they are not violated anyway.
Still, switching them off improves performance, because they need not be revisited and
checked again.

6 Evaluation

The last step in ontology development is about evaluating the formal ontology.

6.1 Analysis of Typical Queries

For this purpose, the Ontology engineer may interactively construct and save instances
and axioms into modules. OntoEdit contains a simple instance editor that the ontology
engineer can use to create test sets. The test set can be automatically processed and
checked for consistency. Once, the ontology goes into the evolution phase and needs
changes to remain up-to-date, these test sets may be re-used for checking validity of the
ontology.
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For instance, one may create a test case for partonomic role propagation (test case cf.
Table 2, the partonomic role propagation is explained in Appendix A or, more detailed,
in [SEM01]), viz. an instance CPU1 of CPU with a clock frequency of 1600MHz (line
1), an instance PC1 of PC which has a MB456 (line 2) that is of type Motherboard and
that has the CPU1 on board (line 3).

The test case is completed by the query that asks for all clock frequencies of all PCs.
This query is reformulated as a rule (line 4), in order to allow for comparison with an
intended set of result tuples (line 5), by a generally applicable rule (lines 6 – 8).

Table 2. Formalizing Test Cases

Test instances
1 CPU1:CPU[hasClockFrequency→→‘1600MHz’].
2 PC1:PC[hasPhysicalPart→→MB456].
3 MB456:Motherboard[hasPhysicalPart→→CPU1].

Query formulated as test query
4 FORALL X, Y test1(X, Y )← X :CPU[hasClockFrequency→→ Y ].

Intended set of result tuples
5 test2(CPU1,‘1600MHz’).

General rule for comparing query results with intended resuls
6 FORALL X, Y Undefined ←
7 (test1(X, Y ) AND NOT test2(X, Y )) OR
8 (test2(X, Y ) AND NOT test1(X, Y )).

In this small example, we have provided only one result tuple for testing, but the
specification is modular and general enough to easily integrate sets of test cases.

Fig. 4. Specifying F-Logic axioms in OntoEdit
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6.2 Error Avoidance and Location

While the generation and validation of test cases allows for detection of errors, it does
not really support the localization of errors. The set of all axioms, class and instance
definitions express sometimes complex relationships and axioms often interact with other
axioms when processed. Thus it is frequently very difficult to overview the correctness
of a set of axioms and detect the faulty ones.

In principle there exist three types of problems with axioms:

– Axioms contain typing errors like variables not specified by a quantifier, typos in
concept names or relationship names etc.

– Axioms contain semantic errors, i.e. the rules do not express the intended meaning.
– Performance issues, like axioms defined such that evaluation needs a lot of time,

which is not always easily recognizable by the user.

In order to avoid problems, OntoEdit offers several means:

1. Some axiom definitions may be generated by asserting through clicks that relations or
concepts belong to particular types. OntoEdit allows for defining several properties
of relationships by clicking on the GUI, viz. symmetry, transitivity and composition
of relations. Database connections as shown above in Section 5 need not be specified
in F-Logic, but can be composed by drag-and-drop (cf. [HSV03]).

2. For other types of axioms a graphical rule editor is available which avoids syntactical
errors, delivers axioms which are optimal in their performance (as seen in isolation
from other axioms) and supports users not familiar in F-Logic.

3. Third, there are axioms that cannot be specified by either 1. or 2. For them, OntoEdit
provides at least syntax highlighting in order to support the user avoiding syntactical
errors.

In order to locate problems, OntoEdit takes advantage of the inference engine On-
tobroker itself, which allows for introspection and also comes with a debugger. Axioms
are operationalized by posing queries (e.g. on the test cases specified as seen above).
Based on queries one may pursue several alternatives:

First, a very simple but effective method to test axioms with test cases is to switch
off and switch on axioms or parts of the axiom premises. The different answers from
Ontobroker then allow to draw conclusions about possible errors.

Second, for a given query the results and their dependencies on existing test instances
and intermediate results may be examined by visualizing the proof tree. This proof tree
shows graphically which instances or intermediate results are combined by which rules
to the final answers. Thus the drawn inferences may be traced back to the test instances
and semantic errors in rules may be discovered.

Third, the inference engine may be “observed” during evaluation. A graphical pre-
sentation of the set of axioms as a graph structure indicates which axiom is evaluated at
the moment and also shows which intermediate results have already been created up to
now and thus “have flown” in the axiom graph to other axioms. This also gives users a
feeling how much time it is needed to evaluate special rules.

An example is given by the two Figures 4 and 5. The former illustrates how F-Logic
axioms can be specified in OntoEdit in the “General Axioms" plugin (or, not shown here,
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Fig. 5. Inferencing with Ontobroker in OntoEdit

a recently finished advanced graphical editor for specifying F-Logic axiom). On the left
side are listed all specified axioms, on the right side one may see a selected F-Logic
axiom as well as its documentation in different languages. The latter shows the GUI of
the “Inferencing” plugin for OntoEdit which integrates Ontobroker into OntoEdit. On the
left side each previously specified axiom can be switched on or off. On the right side on
may enter an F-Logic query (here: give me all instances of the concept “Konfiguration”)
which is subsequently answered by Ontobroker. The results are presented below the
query, here one might see that for each result item the name of an instance includes the
corresponding namespace.

In the future, it is planned to take more care about the efficient construction of
efficiently handable ontologies. For this purpose, OntoEdit will provide a profiler that
will deliver statistics about evaluation times.

6.3 Guidelines Evaluation

Guidelines for ontology modelling help to ensure a coherent modelling of ontologies
and thus to ensure a consistent level of quality. This affects multiple ontology engineers
working on the same ontology, but also single or multiple ontology engineers working
on multiple ontologies. On the one hand, support for evaluation therefore inherently
enhances collaboration (cf. [SEA+02]). On the other hand, we make extensive use of
inferencing capabilities by applying axioms to ontologies for evaluating them.

An integration of guideline checking into ontology engineering environments helps
to evaluate the guidelines during modelling time and guarantees immediate feedback for
ontology engineers. However, different requirements for ontologies, e.g. coming from
envisioned applications that should be supported, might require different guidelines.
Therefore, a flexible way of using and adapting guidelines is needed instead of hard
coding them. Guidelines might be used for technology-focussed evaluations, e.g. to
ensure that naming conventions are fulfilled (for instance, some inference engines do
not allow for white spaces in concept identifiers while others allow for them as long as
brackets enclose the identifiers etc.), or for ontology-focussed evaluations, e.g. as shown
in the next section on formal evaluations of ontologies.
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The OntoAnalyzer plugin offers flexible and modularized checking of formalized
guidelines and constraints.

From our own experiences of ontology development and deployment we learned that
for different purposes ontologies must have different properties, e.g. for different target
applications (cf., e.g., [LS02,SI02,DDS03]). The definition of evaluation methods for
such properties must be very flexible and easily maintainable. So it is not convenient to
program it into the OEE itself, but rather to have a modular and flexible way to ensure
the quality of an ontology by checking such properties.

Logic is a very comfortable and powerful way on a conceptual level to express
constraints for an ontology or to examine properties of an ontology. For that purpose
the rule or constraint language must be able to access the ontology itself, i.e. to make
statements about classes, relations, subclasses etc. In addition to the example presented
in Section 5.3 we now present a more general way of formalising such guidelines.

Formalization: F-logic allows to define statements and rules about the ontology
(concepts, subconcepts, relations). E.g. the examination whether in an ontology a
concept has at maximum one super concept may be expressed by the following “check”
axiom:

FORALL C check("concept has more than one super concept",C) ←
EXISTS S1, S2
C :: S1
AND C :: S2
AND NOT equal(S1, S2).

Further examples for modelling guidelines can be derived from [NM01]. E.g. con-
sider the two guidelines (“slot” is synonymic used to our usage “relation”):

– If a list of classes defining a range of a slot includes a class and its subclass, remove
the subclass.

– If a list of classes defining a domain of a slot includes a class and its subclass, remove
the subclass.

They can be formalized as the following F-Logic axioms and automatically checked
within OntoEdit7:

FORALL C check("Remove concept from a range",C) ←
EXISTS B,Domain,Rel
Domain[Rel ⇒⇒ B]
AND Domain[Rel ⇒⇒ C]
AND C :: B.

FORALL C check("Remove concept from a domain",C) ←
EXISTS B,Range,Rel

7 Please note that it is quite easy to present also the relation to which the domain and range
concepts belong by extending the check predicate with an additional value.



OntoEdit: Multifaceted Inferencing for Ontology Engineering 143

B[Rel ⇒⇒ Range]
AND C[Rel ⇒⇒ Range]
AND C :: B.

How does it work: OntoAnalyzer is a tool which applies such axioms to an ontology
opened in OntoEdit. The plugin transfers the ontology and check axioms to the Onto-
broker inference engine and retrieves back and displays the results of this examination.
OntoAnalyzer is able to load different axiom packages, each intended for a different
target tool or target project.

To actually execute the checks, OntoAnalyzer asks for all values of the predicate
check(X ,Y ), as shown in the following:

FORALL X,Y ← check(X ,Y ).

The results are presented in the GUI of OntoAnalyzer (similarly to the results shown
in Figure 9).

For the future we plan to develop standard rule packages for evaluation of various
purposes to support efficient and effective engineering of ontologies and to improve the
quality of ontologies at the same time. To enhance the usability of the plugin, the results
derived from Ontobroker should immediately allow for the proposed actions, e.g. if a
concept should be removed from the range of a relation, the dialog for doing so should
be automatically opened.

6.4 Formal Evaluation with OntoClean

The previously introduced technology for checking ontologies can be extended to cover
also formal ontology evaluations such as proposed by the OntoClean methodology (cf.,
e.g., [GW00a,GW00c,WG01,GW02]). The following building blocks constitute the ba-
sic infrastructure for implementing OntoClean: (i) a set of axioms that formalize defi-
nitions, constraints and guidelines given in OntoClean and (ii) a “meta-ontology”, viz.
the so-called “taxonomy of properties”, that provides a frame of reference for evalu-
ations. An ontology can be compared vs. a predefined ideal taxonomical structure to
detect inconsistencies. Thus, the integration of the OntoClean methodology into ontol-
ogy engineering environments like OntoEdit enables an integrated quality control for
ontologies. The OntoClean plugin makes use of and extends the basic infrastructure of
the OntoAnalyzer (cf. previous Section).

The OntoClean methodology is based on philosophical notions for a formal eval-
uation of taxonomical structures. It focuses on the cleaning of taxonomies and e.g.
is currently being applied for cleaning the upper level of the WordNet taxonomy (cf.
[GGOB02]). Core to the methodology are the four fundamental ontological notions of
rigidity, unity, identity, and dependence. By attaching them as meta-relations to con-
cepts in a taxonomy they are used to represent the behavior of the concepts. I.e. these
meta-relations impose constraints on the way subsumption is used to model a domain
(cf. [GW00b]). We can only briefly sketch the methodology in a simplified way and
mention two of the introduced philosophical notions, viz. rigidity and unity:
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– Rigidity is defined based on the idea of essence. A property is essential to an
individual if and only if necessarily holds for that individual. Thus, a property is
rigid (+R) if and only if it is necessarily essential to all its instances. A property is
non-rigid (-R) if and only if it is not essential to some of its instances, and anti-rigid
(∼R) if and only if it is not essential to all its instances.
Example: Consider for example the property of being hard. We may say that it is
an essential property of hammers, but not of sponges. Some sponges (dry ones) are
hard, and some particular sponge may be hard for its entire existence, however this
does not make being hard an essential property of that sponge. The fact is that it
could have been soft at some time, it just happened that it never was.
Furthermore, being a person is usually conceptualized as rigid, while, as shown
above, being hard is not. Rigidity is a subtle notion: every entity that can exhibit
the property must exhibit it. So, every entity that is a person must be a person, and
there are no entities that can be a person but aren’t.
The property being a student is typically anti-rigid – every instance of student is not
essentially a student (i.e. may also be a non-student).

– Unity is defined by saying that an individual is a whole if and only if it is made by a
set of parts unified by a relation R. A property P is said to carry unity (+U) if there
is a common unifying relation R such that all the instances of P are wholes under R.
A property carries anti-unity (∼U) if all its instances can possibly be non-wholes.
Example: E.g., the enterprize British Airways is a whole unified by the relation has
president. To generalize, an enterprize with president carries unity since the relation
has president is the relation that unifies every instance.

Based on these meta-relations OntoClean classifies concepts into categories as shown
in Figure 6 (the figure is taken from [WG01]). E.g., a concept that is tagged with “+O
+I +R” is called a “Type”.

The aim of the methodology is to produce a “clean” taxonomy as shown in the ideal
structure in Figure 7 (figure is taken from [WG01]).

Beside these meta-relations OntoClean contains axioms that can be applied to evalu-
ate the correctness of a given taxonomy. For instance, an axiom suggested in OntoClean
is “a property carrying anti-unity has to be disjoint of a property carrying unity”. As
a consequence, “a property carrying unity cannot be a subclass of a property carrying
anti-unity” and “a rigid property and an anti-rigid property are ever disjoint”, to name
but a few.

As an example we present the formalization of the disjointness in F-Logic:

FORALL C check("A property cannot carry +R and -R",C) ←
EXISTS B,Range,Rel
B[Rel ⇒⇒ Range]
AND C[carryNotR →→ "true"].

Another example is, that a property that is defined as “anti-rigid” cannot subsume a
property that is “rigid” (the check message is abbreviated for means of simplicity):
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Fig. 6. Combinations of OntoClean meta-relations

FORALL B check("∼R can’t subsume +R",B) ←
EXISTS C
C :: B
AND B[antiR →→ "true"]
AND C[carryR →→ "true"].

To implement the OntoClean methodology in OntoEdit, we

– formalized the constraints and definitions as axioms, and
– formalized the meta-relations and classifications as a “meta ontology” that can be

used to classify concepts of an ontology.

We modelled the “meta ontology” and an example ontology (taken from [WG01])
that has to be evaluated, in OntoEdit. Each concept of the example ontology, i.e. all
subconcepts of the root concept of the example ontology, viz. Entity, is then specified as
being also an instance of the top-level concept Property of the meta ontology through
an axiom:
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Fig. 7. Ideal taxonomy structure

FORALL C C : Property ←
C :: Entity.

Figure 8 shows the subsequent steps during implementation and employment of
OntoClean as a plugin in OntoEdit (the numbers in the figure correspond to the following
enumeration):

1. model both ontologies, the taxonomy of properties and the example ontology in
OntoEdit,

2. fill the meta-relations with values (i.e. tag the concepts of the example ontology with
carryR (+R) etc.), and

3. specify the definitions and constraints from OntoClean as axioms.

One can now ask queries to find inconsistencies in an ontology according to the
OntoClean methodology. Figure 9 shows the inconsistencies derived from applying the
OntoClean axioms the example ontology by making use of the inferencing capabilities
of Ontobroker as a backend for OntoEdit. On the left side the list of implemented axioms
is shown, for testing purposes they can be switched on and off. On the right side the
result from an evaluation is shown. E.g. the concept Agent is defined as “anti-rigid” and
subsumes the concept Animal which is defined as “rigid”. According to the OntoClean
methodology this is a violation of a given constraint. To enhance the quality of the
taxonomical structure an ontology engineer can now reconsider the modelled hierarchy.

The shown implementation is a first proof of concept. The next version of the plugin
encapsules the meta ontology by using a dynamically built GUI to handle the tagging of
concepts with meta-relations more intuitively. Similar to the OntoAnalyzer, the results
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should automatically guide users through a set of possible actions that can be performed
to fix the detected inconsistencies.

7 Related Work

There exist various ontology engineering environments, which we divide into two cate-
gories: with and without inferencing support.

A good overview, viz. a comparative study of existing tools up to 1999, is given
in [DSW+00]. Typically the internal knowledge model of ontology engineering en-
vironments is capable of deriving is-a hierarchies of concepts and attached relations.
On top of that we provide facilities for axiom modeling and debugging. Naturally, it
could not fully consider the more recent developments, e.g. Protégé [NFM00], and We-
bODE [ACFLGP01].

About WebODE, [ACFLGP01] mentions that it offers inferencing services (devel-
oped in Prolog) and an axiom manager (providing functionalities such as an axiom
library, axiom patterns and axiom parsing and verification), but the very brief mention-
ing of these functionalities is too short to assess precisely. The group from the Artificial
Intelligence Laboratory of the Technical University of Madrid (UPM) is also working on

Fig. 8. Implementation of OntoClean in OntoEdit
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Fig. 9. Deriving inconsistencies with the OntoClean Plugin

the integration of the philosophically oriented OntoClean methodology with the process
oriented METHONTOLOGY [FLGPSS99] by extending the WebODE [ACFLGP01]
ontology development environment8.

A system well-known for it’s reasoning support is OilEd in combination with the
description logics (DL) reasoner FaCT [BHGS01]. Their focus is to use reasoning to
check class consistency and to infer subsumption relationships which are typical DL
tasks. We may not provide subsumption, but we provide extensive reasoning on instances
— in particular rules — or axioms that specify user-definable consistency constraints.
Furthermore, we support the whole methodology cycle for developing ontologies.

Environments like Protégé [NFM00] or Chimaera [MFRW00] offer sophisticated
support for ontology engineering and merging of ontologies. Protégé has also a flexible
plugin-structure, that allows for modular extension of the functionalities. However, they
do not provide comprehensive methodological support for ontology engineering and it
is also difficult to assess the extent that they exploit reasoning capabilities.

8 Conclusion

In this paper we have presented OntoEdit, a sophisticated ontology editor that supports
methodology-based ontology construction and that takes comprehensive advantage of
its inferencing capabilities. OntoEdit also has some features that could not be presented
here in full detail, e.g. an extremely capable plug-in structure (cf. [Han01]), a lexicon
component and support for collaborative engineering of ontologies (cf. [SEA+02]).

8 Cf. http://www.ontoweb.org/workshop/ontoweb2/
slides/ontocleansig3.pdf
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Obviously, there are a large number of ontology construction tools now available and
many of them offer very intriguing features that are not in OntoEdit. However, accord-
ing to our experiences the combination of a methodological basis with comprehensive
reasoning on class and instance definitions with Ontobroker is a very powerful paradigm
that has not been exploited before to the extent that OntoEdit does.

For the future, OntoEdit is planned to be developed in several directions: (1) new
im- and exports will be developed and (2) the integration of ontology construction
with requirements specification documents will be generalized by means of semantic
document annotation, (3) stronger support for the integration of mind mapsTM into the
ontology development process, (4) finish the OntoClean implementation and apply it, to
name but a few.
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A Example of Partonomic Role Propagation

Partonomic role propagation is about propagating particular property values from parts
to wholes. For instance, if the engine of my car is defunct, the whole car is defunct
(“defunct” being propagated from the part “engine” to the whole “car”). However, if the
rear window is broken, it might be less safe to drive the car, but it would be strange to
consider it defunct.

Fig. 10. Partonomic Role Propagation

Figure 10 depicts an example that propagates topics from subparts of documents
to superparts (using the graphical notion of RDF(S), cf. [BG02]). It takes four input
parameters:

1. The relation that is propagated (topicOf in Figure 10), because not every relation is
propagated from a part to a whole.

2. The relation that is propagating (containedBy in Figure 10), because not every
relation that may be propagated is propagated along all part-whole relations.

3. The whole up to which the relation is maximally propagated (Document in Fig-
ure 10), because propagation may be stopped (e.g. topicOf may be considered to be
not propagated to an additional Library).

4. The concept for the instances of which the relation may be propagated (e.g., Topic
in Figure 10), because not every class is treated the same (cf. [HSR99a] for com-
prehensive examples).



Distributed Description Logics: Assimilating
Information from Peer Sources

Alex Borgida1 and Luciano Serafini2

1 Dept. of Computer Science
Rutgers University

New Brunswick, USA
borgida@cs.rutgers.edu

2 ITC-IRST
Trento, Italy

serafinit@itc.it

Abstract. Due to the availability on the Internet of a wide variety of
sources of information on related topics, the problem of providing seam-
less, integrated access to such sources has become (again) a major re-
search challenge. Although this problem has been studied for several
decades, there is a need for a more refined approach in those cases where
the original sources maintain their own independent view of the world.
In particular, we investigate those situations where there may not be a
simple one-to-one mapping between the individuals in the domains of
the various Information Sources.
Since Description Logics have already served successfully in information
integration and as ontology languages, we extend this formalism with the
ability to handle complex mappings between domains, through the use
of so-called “bridge rules”. We investigate, among others, the exploita-
tion of bridge rules to deduce new information, especially subsumption
relationships between concepts in local information sources.

1 Introduction

A significant problem of modern information management is the integration of
information from multiple sources. The standard version presumes a framework
where users are accessing through a single interface data from several informa-
tion sources (local ISs), which can include databases, web data, files, etc. The
important goal here is to provide seamless access to the data, making the users
unaware of the original source of the information. This is achieved by providing
a single global schema, which traditionally was the result of merging the local
schemas. In such situations, query processing consists of identifying the relevant
ISs, translating the user’s query into collections of queries over local ISs, and
collating the answers, expressed in terms of the global schema. In more tradi-
tional approaches, the global schema is defined by integrating the local schemas,
and afterwards defining its contents through views over the local ISs, making
query processing relatively easy. More recently, Levy et al [24] have investigated
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an approach where the global, conceptual schema is developed independently,
and then local IS are defined in terms of it.

A somewhat different, but related, approach is one which preserves the iden-
tity of each local IS and its user interface. However, the local system wishes to
import information available in other sources, which are related to it directly
through some kinds of assertion, or indirectly through chains of such relations.
This approach, pioneered in the work on federated databases [17], is more appro-
priate for loosely related information sources, such as information appearing on
the web, or distributed agents, where each source of information is independent.
This paper is concerned with investigating this second, “peer to peer” kind of
combination.

According to database integration research, the semantic world-views of lo-
cal IS may exhibit mismatches (often called “conflicts” or “semantic hetero-
geneities”) which need to be resolved in order to allow information from one
source to be properly visible in the other source. Saltor and Rodriguez [29] iden-
tify three high-level categories of such semantic heterogeneities: heterogeneities
between object classes, between class structures, and between object instances.
The first two categories relate to the schema of the IS, and have been thoroughly
studied. Some of the conflicts in the third category deal with “the facts”: e.g.,
two IS may record the capital of China as Beijing and Peking respectively. In
other situations, however, there may be more interesting, systematic relation-
ships between individuals. For example, consider the case when one IS contains
personal information (e.g., from credit card purchases), while another one con-
tains census information, which only records information about households. The
correspondence between households and the people in it is not the identity re-
lation, neither is it a simple functional bijection. Yet it will be important to
establish and record this relationship if the two IS are to be integrated. In Sec-
tion 2, we provide further examples of complex correspondences between the
domains of multiple IS in a federated system.

We must then decide in what context to explore the properties of such fed-
erated ISs. Description Logics are formalisms for knowledge representation and
reasoning [3]. They have been used for a variety of roles in databases [7,8],
including the description of data semantics and meta-data in the form of con-
ceptual schemas. In turn, such DL conceptual schemas play a central role in
many recent proposals for database integration, and more general information
integration (e.g., [13,20,2,24,11,26,5]). Moreover, DMAL+OIL/OWL [18] – the
current leading contenders as ontology language for the semantic web, are clear
examples of Description Logics. And the term taxonomies used in web sites such
as DMOZ and Yahoo!, or e-commerce stores, can be viewed as lightweight De-
scription Logic ontologies. Finally, Tim Berners-Lee’s vision of the semantic web
[4], explicitly abandons the notion of a universal ontology, and embraces the kind
of “distributed” ontologies we have in mind.

For these reasons, we will carry out our investigations concerning complex
correspondences between IS domains, in the context of DLs.
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We start by providing several examples which motivate the new kinds of re-
lationships between peer IS, and review related work in the database and ontol-
ogy literature. After introducing informally Description Logics and Distributed
Description Logics (DDL), we show how some examples are handled by them
(Section 4). Formal definitions of DL and DDL are given in Section 5, and some
desirable properties of DDL are presented in Section 6. Section 7 provides a
theorem which shows that under some rather general conditions, DDL reasoning
can be translated into reasoning in a single, global but ordinary DL. Finally,
we investigate the properties of DDL in the case when component ontologies
are simple taxonomies of atomic terms. We prove that, surprisingly, adding the
feature of distributed reasoning does not increase the complexity of computation
in this case.

2 Motivating Examples

Much, though by no means all, work in information integration, has assumed
that the same individual appears in identical form in the different sources of
information being integrated. We will look at a variety of examples where the
correspondences between individuals in the domains of discourse of two IS, IS1
and IS2 say, is not so simple.1

First, in some cases one needs to identify/match different representations
of the same real-world individual. In the case of scaling conflicts (e.g., use of
different units of measure), this relationship is quite systematic, and can be de-
scribed through mathematical equations. In other cases, this needs to be achieved
through the use of key attributes or heuristics (e.g., persons having the same
name). Either way, the result can be expressed as a binary relation between
objects in the two IS, which is assumed to be a bijection.

Several complications may arise even in this situation. Consider the case
when the unit of measure is currency: the conversion function Euro to Dollars is
not the inverse of the function Dollars to Euro, because banks add a surcharge to
all transactions. Therefore a single conversion relation is not sufficient, and we
must acknowledge the need for directional mappings between the domains,
e.g., one from Dollars to Euro, and another from Euro to Dollars. A different
complication can arise in the case when the mapping between the domains cannot
be described extensionally. For example, suppose that one school assigns simple
letter grades, e.g., A,B,C, while another school allows them to be qualified by plus
and minus, e.g., A+. An A at the first school corresponds to one of {A+,A,A-}
at the other school, but there is no way to tell which. Note however that this
partial information is still important: having a grade of “A+, A or A-” is known
to be better than having a grade of B!

The following examples explore further intricacies of the relationship between
domain elements in different IS.

1 Some of these issues were noted already in [21].
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Example 1. Suppose BasicC, IntermC and AdvancedC are 3 increasingly difficult
courses on some topic. University Univ1 offers BasicC and AdvancedC, while uni-
versity Univ2 offers IntermC. The universities are concerned about what courses
a student has completed, in order to check the pre-requisites of other courses they
are enrolling in, or to meet degree requirements. In particular, both universities
allow a course x to be substituted for another course y if x is harder than y, and
covers most of the material of y (say 80%). The universities also allow credits
earned at one to be transfered to the other. Univ1 may decide to accept IntermC
as a substitute for BasicC; on the other hand, Univ2 may only accept AdvancedC
as a substitute for IntermC. Suppose that in the university information systems,
courses are modeled as classes whose instances are the sets of students who have
completed them. Then we have a situation where we want the instances of In-
termC to be included among the instances of BasicC according to Univ1, while
IntermC should include the instances of AdvancedC according to Univ2. Despite
this, university Univ1 may not necessarily want to see the elements of AdvancedC
as instances of BasicC, since the courses might disagree on more than 80% of the
material. This means that the relationship between the instances of courses at the
two universities should not be expressed as simple subset, but must be mediated
by some more subtle, directional, relations.

Example 2. Suppose IS1 has information about married couples, while IS2 has
information about persons. We therefore need to express correspondences between
individuals in the two domains, e.g., between couple23 in IS1, and each of Gianni
and Mary, in IS2. But there are more general relationships between the informa-
tion in the two IS. For example, we know that each couple involves exactly two
objects, which are persons.

Example 3. Suppose ISlit maintains information about literary works, includ-
ing plays, poems, novels, etc. On the other hand ISperf tracks performances in the
past month, including stadium half-time shows, events at Stratford, and theatri-
cal performances. We are interested in the correspondence between individuals
in ISlit and ISperf which matches a literary work to its performances. Of course,
some literary works were not performed in the past month, while others had mul-
tiple performances. So, in this case we need again a general binary relationship.
Moreover, suppose we are told that all events in Stratford were performances of
Shakespeare’s tragedies, and all play performances were theatrical events; then,
intuitively, we should be able to deduce, in ISperf , that all Stratford events were
theatrical performances.

This shows that information about the nature of the correspondences can be
used to deduce new facts in one IS (Stratford events are theatrical performances),
based on facts in another IS (Shakespeare’s tragedies are plays).

In this and other cases, IS1 contains information about individuals that are
in some sense abstractions over individuals in IS2. Similar examples will arise
in most other situations where the so-called “materialization abstraction” [27]
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occurs: one individual standing for a class of individuals in some more refined
view of the world.

Example 4. As a final example, consider a situation where there are three IS.
Two of them, ISHarvard and ISMIT , serve the needs of college libraries in some
town. The libraries have information about copies of books, which can be taken
by borrowers or are available on the shelf. On the other hand, the third IS,
ISStudent, is a database accessed by students who want to know which library
they should go to if they need some book. Notice that the student does not care
about which copies of a book are available, so we have once again an abstraction:
the student’s Tractatus corresponds to TractatusCopy1,... in ISHarvard, as well as
TractatusCopy2 in ISMIT . Moreover, the student only wants to know about some
material being located at MIT if there is a copy of it currently on the shelf at the
MIT library.

The above examples demonstrate the need to consider in greater detail the
role of the mapping between the domain of objects in the IS’s being integrated
into a federation. First, one needs relations, not just functions, to describe the
correspondences between the domains, as illustrated by Examples 2, 3 and 4.
Second, Example 1 and the case of monetary conversion show that between any
two IS, one needs a pair of correspondences, one in each direction. Moreover,
there are two aspects of these mappings that will need to be considered:

– How are specific individual objects related to each other? (e.g., couple23 in
IS1 and Mary in IS2).

– What general statements can one make about the mappings of individuals?
(e.g., Couple instances in IS1 correspond to exactly two Person instances in
IS2).

Finally, we will be interested in what new deductions one can make in a local
IS, using the correspondences linking it to other IS.

3 Related Work on Information Integration

There has been a great deal of work on the problem of integrating databases.
In the beginning, this work was motivated by the process of integrating user
views in order to arrive at a “corporate” schema that satisfies the needs of
everyone. Later, additional motivation was provided by the advent of heteroge-
neous/federated databases, and especially data warehouses, which by their na-
ture integrate sources that may be radically different. Key questions addressed
by this research include how to match up both schema and data-level informa-
tion between multiple databases, and most effort has been devoted to heuristics
and tools for finding such relationships. Rahm and Bernstein [28] provide a sur-
vey of recent solutions, while [16] is an early paper on the integration problem
in the context of federated databases.
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Information integration has also been studied in the field of Artificial Intel-
ligence, where ontologies are essential components of the knowledge-rich envi-
ronment required by problems such as natural language understanding. Klein
[22] provides a recent review of the literature of ontology integration/alignment,
which involves relating some of the terms in the two ontologies.

We have cited earlier three aspects that mark our work: (i) a co-ordinated
(rather than unified) view of the information sources, (ii) the need to deal with
complex relationships between individuals of the IS’s being co-ordinated, and (iii)
the use of Description Logics as the medium in which to explore the potential
for defining and reasoning about information integration having the first two
characteristics. Although there isn’t much research that is specific to the first
topic, we look more closely at the other two.

3.1 Expressing Relationships between Individuals of Different ISs

Kent [21] provides an extensive list of problems that arise due to data-level
mismatches between databases, recognizing the need for both domain relation-
ships (e.g., currencies) and context-dependent use of them (e.g., salaries vs. stock
prices in different currencies). He examines complex solutions that use domain
mapping functions orchestrated by integrator functions, and expresses them in
the Iris database programming language.

SchemaLog [23] is just one representative of the class of declarative languages
for relating multi-databases that use powerful data restructuring facilities. (The
paper has a fine section reviewing other similar approaches.) Its higher-order
syntax allows querying the schema, as well as inter-relating schema and value
identifiers. Similar comments apply to work on integrating heterogeneous semi-
structured data sources, as surveyed in [14].

A different declarative approach to the specific problem of data mediation is
illustrated in [30], where meta-attributes and rules are used to deal with complex
value conversions. A desirable feature of the approach is that it introduces the
notion of “contexts”, which allows for the automatic invocation of conversion
functions.

3.2 Description Logics and Information Integration

Many approaches to information integration are founded on the belief that this is
best accomplished at a higher, semantic/conceptual level, and Description Logics
have been used for the purpose of describing the data semantics in a many efforts,
including [13,20,2,24,11,26,5]. Most of these papers therefore describe methods
of ontology integration, for the case when ontologies are described in DLs, and
often rely on the ability to reason with Description Logic concepts in order to
perform the integration, detect inconsistencies, or to translate queries.

Calvanese et al [12] present a detailed mechanism for specifying data integra-
tion in the context of data warehouses. The conceptual data model is specified
in a DL, and acts in some sense as a global terminology, while the local ISs have
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relational schemas, which are connected via Datalog-like rules augmented by im-
portant information concerning keys and domains. The aspect that distinguishes
their work, and corresponds more closely to intended focus of our paper, is the
specification of “reconciliation correspondences”, including ones for conversion,
matching and merging of specific data. These can be thought of as describ-
ing different aspects of instance-level connections. Their work is characterized
by the use of rules, with a declarative part and a procedural part, performing
operations such as conversions. Unfortunately, reasoning with rules is not amal-
gamated with reasoning about schema concepts expressed in DL, and complex
procedural aspects of rules make this improbable in principle.

The goal of the present paper is to study the declarative specification of
constraints on correspondences between the domains of multiple IS in a manner
which makes it possible to reason about the final, co-ordinated system. We in-
vestigate, among others, the exploitation of correspondence rules to deduce new
relationships between concepts in local information sources.

4 Informal Introduction to Distributed Description
Logics

We present next an informal introduction to Description Logics and to our exten-
sion of them, Distributed Description Logics. Readers comfortable with formal
presentations are welcome to skip this section.

4.1 Description Logics

Description Logics are a family of object-centered knowledge representation for-
malisms. They view the world as being populated by individuals that can be
grouped into classes, called concepts, and that can be related to each other
by binary relationships, called roles. A specific DL provides a particular set of
“constructors” for building more complex concepts and roles, much like a pro-
gramming language type system provides type constructors for building complex
types from simpler ones. For example, concept constructors such as conjunc-
tion (written as A�B) and value restriction (∀r.C) can be used to describe
object-oriented style classes with multiple superclasses and type-like constraints
on members/attributes: the Java class specification class STUDENT extends
PERSON{INTEGER stdId; UNIVERSITY attends;} asserts, among others, that
student objects satisfy a type that might be described in DL notation as
PERSON �∀stdId.INTEGER �∀attends.UNIVERSITY. The following examples of
descriptions are meant to provide additional intuitions about the ability to nest
descriptions and to use them to specify both necessary and sufficient conditions:

– primitive concepts PERSON, UNIVERSITY, INTEGER
– primitive roles attends, hasAge, hasLocation
– ∀attends.UNIVERSITY (* Objects whose attends role values are instances of

UNIVERSITY *)
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– ∀hasLocation.NEW ENGLAND (* Objects located in places that are considered
to be New England *)

– ∀attends.(UNIVERSITY�∀hasLocation.NEW ENGLAND) (* Objects attend-
ing universities in New England *)

– PERSON�∀attends.(UNIVERSITY�∀hasLocation.NEW ENGLAND) (* Per-
sons attending universities in New England *)

As seen in the above examples, a description usually corresponds to a noun-
phrase (a unary formula in logic). In some DLs, it is possible to construct more
complex roles as well. For example, one can use attends− to refer to the inverse
of the attends role, which might otherwise be called hasEnrolees.

One can then use description terms for several different tasks.
First, one can define a new concept in terms of an intentional description

of the properties of its members. For example, NEW-ENGLAND may itself be
defined as ∀hasAddress.∀inState.{Maine,Vermont, . . .}.

Second, one can claim that one description, D, subsumes or is more general
than another one, C, written as C �D, meaning that anything that satisfies the
conditions of C must, by necessity, satisfy the conditions of D. This is useful
in asserting necessary conditions, such as STUDENT � PERSON, rather than
the necessary and sufficient conditions provided by definitions. One can also use
� to make more general statements, sometimes called axioms, relating various
terms in a complex ontology. For example, if ∃ p.C is a concept constructor rep-
resenting objects that have at least one p role filler in the concept C, then
(STUDENT �∀attends.IVY-LEAGUE)�(PERSON�∃ hasParents.RICH-PERSON)
says that students attending Ivy League universities must have at least one rich
parent. Collections of such assertions specify the terminology used to describe
some application domain. Such a collection is called a T-box, and resembles the
schema of a database, or an ontology. Subsumption has additional uses. Ac-
cording to its formal definition, it is possible to deduce new subsumptions, just
like it is possible to deduce new implications from a logical theory. For exam-
ple, ∀attends.UNIVERSITY subsumes PERSON�∀attends.IVY-LEAGUE, assum-
ing that UNIVERSITY can be deduced to subsume IVY-LEAGUE. The subsump-
tion relation provides the specification of an algorithm which can be used to
organize the terminology of the domain into the familiar IS-A hierarchy, and to
detect whether some description is incoherent, in the sense that it cannot hold
of any individual. (Incoherence is detected by checking for subsumption by the
empty concept.)

Third, one can assert the membership of an individual in a concept, as a
way of giving it a partial description. For example, STUDENT�¬MALE(Anna)
asserts that Anna is a student who is not male. In addition, one can assert the
inter-relatedness of two individuals, e.g., attends(Anna,Harvard). Collections of
assertions about individuals partially describe some state of world, and form an
A-box, which resembles a database state (the collection of tuples in relations,
for example). As with subsumption, not only can one assert membership in
concepts, but one can deduce/compute whether some arbitrary individual is
an instance of an arbitrary description, possibly given some A-box and T-box.
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For example, ∃ attends.IVY-LEAGUE(Anna) can be deduced from the above two
assertions, assuming that Harvard in turn is, or can be deduced to be, an instance
of IVY-LEAGUE.

In a DL, the complexity of reasoning about questions such as subsumption
and concept membership depends on the particular concept and role constructors
(e.g., ∀, � ,∃) available. Much of the effort in DL research has been in identifying
different sets of such constructors which have at least decidable inferences, and
characterizing their computational complexity [3].

4.2 Distributed Description Logics

Suppose we have a two information sources IS1 and IS2, each using some (po-
tentially different) description logic to describe its contents. Let us now try to
express connections between them, as a way of aligning them. The pioneering
work of Catarci and Lenzerini [13] proposed the continued use of description log-
ics. In particular, subsumption assertions could relate descriptions in different
knowledge bases: GradStudent2� intStudent1 would indicate that every gradu-
ate student in the part of the world described by IS2 was also a student in the
overlapping part of the world described by IS1. However, the semantics in [13]
implies that inter-schema assertions only have an effect for those individuals that
are shared between the respective IS domains – i.e., the correspondence between
the domain elements is identity. The reason for this is, in part, that in current
DL the definition of a new concept can only retrieve a subset of the existing set
of individuals, rather than create new individuals.

In order to deal with our more complex examples, we turn for inspiration
to the work of Ghidini and Serafini [15] on Distributed First Order Logic. The
idea is to introduce, at least conceptually, some binary relation r12 describing
the correspondences between the domains of IS1 and IS2, and to use so-called
bridge rules to constrain these relationships in an implicit manner.

In order to best support directionality, we will need two sets of bridge rules,
B12 and B21, with rules in B12 viewed as describing “flow of information” from
IS1 to IS2 from the point of view of IS2, i.e., IS2 is “importing” information
from IS1. The rules in B12 and B21, when given, will constrain the possible
correspondences r12 and r21 respectively.

Based on studies in [15], here are some patterns of constraints on the corre-
spondence relationships that one might like to express using bridge rules:

1. Every instance of concept A (A-instances) in IS1 corresponds only to a G-
instances in IS2; i.e., r12(A) ⊆ G.

2. All G-instances in IS2 have a corresponding A-instance in IS1; i.e.,
r12

−1(G) ⊆ A, or G ⊆ r12(A).
3. Each A-instance has at least/at most n corresponding G-instances in IS2.
4. The domain relation from IS1 to IS2 is the identity relationship.
5. The domain relations between IS1 and IS2 are symmetric; i.e., r12 = r21

−1.

In this paper we will study the first two kinds of bridge rules.
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In order to distinguish the descriptions from various ISi, (i = 1, 2) we start
by labeling them with the index i, written as i :E. (However, when talking about
subsumption within a single ISi, we will use the more readable i :A�B, instead
of the formally correct i :A� i :B.) We now introduce the two kinds of bridge
rules:

Given concepts C and E of IS1 and IS2 respectively, a bridge rule from IS1
to IS2 has one of two forms:

– an into-bridge rule 1:C �−→ 2:E, specifying that C-objects in IS1 correspond
only to E-objects in IS2 (according to the r12 relation);

– an onto-bridge rule 1:C �−→ 2:E, stating that every object in E has a
corresponding pre-image in concept C of IS1.

The intuition behind into- and onto-bridge rules is shown in Figures 1 and 2.

Fig. 1. Intuitive diagram of C
�−→ E: r12(C) ⊆ E

As an illustration of using the above terms, in Example 2 one would have
the into-bridge rule 1 :COUPLE

�−→ 2:PERSON to indicate that couples corre-
spond only to persons, but would not normally include the onto-bridge rule
1 :COUPLE

�−→ 2:PERSON, because there may be unmarried persons, who
would not be partners in any couple.

4.3 Some Examples Revisited

We will now recast some of the earlier examples into the notation of DDLs, and
briefly consider some of the subtle aspects of the representation.

To begin with, the course correspondences in Example 1 yield two bridge
rules:
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Fig. 2. Intuitive diagram of C
�−→ E: E ⊆ r12(C)

1:ADVANCED C
�−→ 2: INTERM C

2: INTERM C
�−→ 1:BASIC C

These allow each IS to import appropriate information from the other, but do
not entail 1 :ADVANCED C�BASIC C, because the two bridge rules concern
different mappings: r12 and r21 respectively. This is a good example of the peer-
to-peer approach, where each IS imports information independently.

In Example 3, the correspondences we had specified would be represented as
two bridge rules:

lit :PLAY
�−→ perf :THEATRICAL PERFORMANCES

lit :SHAKESPEAREAN TRAGEDY
�−→ perf :STRATFORD EVENTS

Finally, in Example 4, involving libraries, we have three T-boxes Th,Tm

and Ts. Th and Tm describe the information systems of the libraries. They
both have concepts BOOK, corresponding to copies of books that can be loaned,
and concepts PERSON, to model the borrowers. The role taken by is meant to
record who has borrowed a book, so that the concept BOOK ON SHELF, in Th,
can be defined as follows

h :BOOK ON SHELF ≡ BOOK�¬∃ taken by.PERSON

The T-box Ts, modeling the students’ information system, also includes a con-
cept called BOOK, but its meaning is different, since, as we mentioned before,
these are abstractions over the libraries’ copies of the book. The following bridge
rules are intended to capture the fact that students see books based on copies
from the respective libraries

h :BOOK
�−→ s :BOOK (1)

m :BOOK
�−→ s :BOOK (2)
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Note that this does not imply that all books at the Harvard library can be seen in
the students database (the mapping rhs may be partial). Nor does it imply that
the same book copy cannot be mapped to several books in ISStudent – this would
require a different kind of bridge rule, one expressing that the correspondence
has a certain cardinality.

In addition, Ts uses the role located at to capture the name of the library
where the student should go to in order to get the material in question, assuming
it is available there. For convenience, Ts contains a concept, AVAILABLE BOOK,
that lets students tell quickly if some book is available:

s :AVAILABLE BOOK ≡ BOOK�∃located at

Since students only want to hear about material located at a library if there are
some copies of it on the shelf there, we use onto-bridge rules as follows:

h :BOOK ON SHELF
�−→ s :∃ located at.{”Harvard”} (3)

m :BOOK ON SHELF
�−→ s :∃ located at.{”Mit”} (4)

As we shall explain formally later, one of consequences of DDL reasoning with
bridge rules (1) and (3) is the following subsumption

s :∃ located at.{”Harvard”}�AVAILABLE BOOK

Intuitively, this follows because the bridge rules allow us to infer in ISStudent

that anything that is located at the Harvard library must be a book, and hence
an instance of the concept AVAILABLE BOOK defined earlier.

4.4 Distributed A-Boxes

In order to deal with correspondences between specific individuals, we can fol-
low two approaches. First, if the description logic is sufficiently expressive, we
can state such correspondences by using bridge rules. For example, the cor-
respondence of couple23 to Gianni and Mary in Example 2, can be expressed
by bridge rules 1 :{couple23} �−→ 2:{Gianni, Mary} and 1:{couple23} �−→
2:{Gianni,Mary}, if the description logics support concepts formed by enumera-
tion.

Otherwise, we need to introduce the individual-level equivalent of bridge-
rules: If x is an individual in IS1, while y, y1, ... are individuals of IS2, then

– a (partial) individual correspondence is an expression 1:x �→ 2:y, indicating
that r12(x, y) holds;

– a complete individual correspondence is an expression 1:x =�→ 2:{y1, y2, ...},
indicating that {y1, y2, ...} is the set of all z such that r12(x, z).

The second kind of correspondence is needed because 1:couple23 �→ 2:Gianni
and 1:couple23 �→ 2:Mary allows in principle additional objects to be related to
couple23. This possibility is eliminated by the complete correspondence
1:couple23 =�→ 2:{Gianni,Mary}, which lists the entire set of objects corre-
sponding to couple23.
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5 Formal Definitions

We present next the formal specification of the above notions.

5.1 Formal Syntax and Semantics of Description Logics

A typical DL starts with several primitive notions: atomic concepts A, as well
as constant concepts ANYTHING and NOTHING, denoting the universe and the
empty set respectively2; atomic roles P ; and possibly individual names In. Com-
plex concepts C and roles R can then be built according to the recursive syntax
in the second column of Figure 3.

Construct name Syntax Semantics
primitive concept A AI

top concept ANYTHING ∆I

bottom concept NOTHING ∅
conjunction C1 � . . . �Cn CI

1 ∩ . . . ∩ CI
n

disjunction C1 � . . . �Cn CI
1 ∪ . . . ∪ CI

n

negation ¬C ∆I \ CI

value restriction ∀R.C {d ∈ ∆I | RI(d) ⊆ CI}
exists restriction ∃R.C {d ∈ ∆I | RI(d) ∩ CI �= ∅}
number restrictions � n R {d ∈ ∆I | |RI(d)| ≥ n}

� n R {d ∈ ∆I | |RI(d)| ≤ n}
qualified number restriction � n R.C {d ∈ ∆I | |RI(d) ∩ CI | ≥ n}

� n R.C {d ∈ ∆I | |RI(d) ∩ CI | ≤ n}
same-as R1 = R2 {d ∈ ∆I | RI

1 (d) = RI
2 (d)}

enumeration {In1, . . . , Inn} {InI
1 , . . . , InI

n}
Role Semantics

primitive role P P I

role inverse R− {(y, x) | (x, y) ∈ RI}
role composition R1◦R2 {(x, z) | y ∈ RI

1 (RI
2 (x))}

role conjunction R1 �R2 {(x, y) | y ∈ RI
1 (x) and y ∈ RI

2 (x)}
role disjunctionn R1 �R2 {(x, y) | y ∈ RI

1 (x) and y ∈ RI
2 (x)}

role negation ¬R {(x, y) | (x, y) ∈ ∆I ×∆I and y �∈ RI}

Fig. 3. Syntax and semantics of some typical Description Logic constructs

In order to provide a denotational semantics for DLs, we begin with the
notion of an interpretation/structure I, which is a pair

〈
∆I , ·I〉

, where ∆I is a
non-empty domain of objects, and ·I is a valuation, which maps every concept
to a subset of ∆I , every role to a subset of ∆I ×∆I , and every individual to a

2 In order to simplify matters, we will use the term “atomic concept” to also refer to
the special concepts ANYTHING and NOTHING.
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distinct element of ∆I . The denotation of complex descriptions is obtained from
that of its components using the rules in column 3 of Figure 33.

In any interpretation I, the subsumption relation α�β will be said to hold
between concepts or roles α and β, if αI ⊆ βI . This will be written formally as
I|=α�β. The subsumption α�β will be said to hold in general if I|=α�β for
all possible interpretations I.

A T-box, or terminology, is then a collection of axioms of the form α�β or
α ≡ β. For the purposes of this paper, we will replace α ≡ β by two subsumption
axioms, α�β and β�α. We can now introduce convenient notation to talk
about interpretations “satisfying” T-boxes.

– I|=T (* read as “the subsumptions in T are satisfied in I” *) if I |= α�β,
for all α�β in T-box T.

– T|=C �D (* “D subsumes C with background theory/axioms T” *) if
I|=C �D for all interpretations I such that I|=T.

An A-box is a collection of assertions of the form C(a), where C is a concept
and a is an individual identifier, and R(a, b), where R is a role, and a and b
are individual identifier. The definitions of satisfaction in an interpretation is
extended to A-boxes according to the rules

– I|=C(a) if aI ∈ CI .
– I|=R(a, b) if

〈
aI , bI

〉 ∈ RI .
– I|=A if I|=π for every assertion π = C(a), R(a, b) ∈ A.
– K|=C(a) iff I|=C(a) for all interpretations I such that I|=K. Similarly for
p(a, b).

A (DL) knowledge base K will then be a pair 〈T,A〉, where T is a terminology
and A is an A-box, which uses only descriptions valid according to T.

The complexity of reasoning in DLs with a wide variety of concept and role
constructors has been studied.ALCNR [9],DLR [10], and SHIQ [19] are among
the best known. This complexity usually increases when background theories are
used, unless these can be eliminated by “unfolding” or “incorporating” them. We
mention that in SHIQ subsumption is decideable in worst-case exponential de-
terministic time, even in the presence of T-boxes, and in fact current algorithms
behave much better on knowledge bases encountered in practice.

5.2 Formal Syntax and Semantics of Distributed Description Logics

Supposing I is a set of indeces, we start with a collection of description logics
{DLi}i∈I . Each of these is used to describe either T-boxes or knowledge bases
for information sources ISi. The notion of Distributed Description Logic (DDL)
is centered around relations rij , relating the individuals in the interpretations of
ISi and ISj . However, these relations will only appear in the semantics of DDLs
– in the syntax one will only see constraints on their properties, expressed as
bridge rules.
3 Given a binary relation r, we use r(x) to refer to the set {y | r(x, y)}.
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Definition 1. Given concepts C and E of DLi and DLj respectively, a bridge
rule from i to j (i �= j), is an expression of one of the following two forms:

i :C �−→ j :E, an into-bridge rule

i :C �−→ j :E, an onto-bridge rule

If x is an individual in ISi, while y, y1, ... are individuals of ISj, then an
individual correspondence from i to j is an expression of one of the following
two forms:

i :x �→ j :y a (partial) individual correspondence
1:x =�→ 2:{y1, y2, ...} a complete individual correspondence

Definition 2. A distributed T-box (DTB) T = 〈{Ti}i∈I ,B〉 consists of a col-
lection of ordinary DL T-boxes {Ti}i∈I , and a collection B = {Bij}, where Bij

is a set of bridge rules from i to j, for i �= j ∈ I. For every k ∈ I, all descrip-
tions in Tk must be in the corresponding language DLk, and for every bridge
rule i : A �−→ j : B or i : A �−→ j : B in Bij, the concepts A and B must be in
the languages DLi and DLj respectively.

A distributed A-box (DAB) A = 〈{Ai}i∈I ,C〉 consists of a set of A-boxes
{Ai}i∈I , and a set C = {Cij}i �=j∈I of partial and complete individual corre-
spondences from i to j. For every k ∈ I, all descriptions in Ak must be in the
corresponding language DLk, and for every correspondence rule i :x �→ j :y or
i :x =�→ j :{y1, y2, . . .} in Cij, the individual name x must be in DLi, and y1, y2, . . .
in DLj.

A DDL knowledge base is then a pair 〈T,A〉, consisting of a distributed T-box
and a distributed A-box

We provide semantics for distributed description logics by using local inter-
pretations for the individual information systems, and connecting their domains
using relations rij .

Definition 3. A distributed interpretation I = 〈{Ii}i∈I , { rij}i,j∈I〉 of T con-
sists of interpretations Ii for DLi over domain ∆Ii , and binary relations
rij ⊆ ∆Ii ×∆Ij , for i �= j ∈ I.

Definition 4. A distributed interpretation I d-satisfies (written I|=d ) the ele-
ments of a DTB T = 〈{Ti}i∈I ,B〉 according to the following clauses. For i, j ∈ I

– I|=d i :A
�−→ j :G, if rij(AIi) ⊆ BIj (* Satisfaction of into-bridge rules *)

– I|=d i :B
�−→ j :H, if rij(BIi) ⊇ HIj (* Satisfaction of onto-bridge rules *)

– I|=d i :A�B, if Ii|=A�B (* Satisfaction of local subsumptions *)
– I|=d Ti if Ii|=Ti. (* Satisfaction of local T-boxes *)
– I|=d T if, for every i ∈ I, I|=d Ti, and I d-satisfies every bridge rule in the

union of the sets in B.
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Finally, T|=d i :C �D if, for every distributed interpretation I, I|=d T implies
I|=d i :C �D.

Concerning individuals, we have the following

Definition 5. A distributed interpretation I d-satisfies the elements of a DAB
A = 〈{Ai}i∈I ,C〉 according to the following clauses. For i, j ∈ I
– I|=d i :x �→ j :y, if yIj ∈ rij(xIi) (* Satisfaction of individual correspon-

dences *)
– I|=d i :x

=�→ {y1, y2, . . .} if rij(xIi) = {y1Ij , y2
Ij , . . .} (* Satisfaction of com-

plete correspondences *)
– I|=d i :C(a), if Ii|=C(a) (* Satisfaction of local assertions *)
– I|=d i :p(a, b), if Ii|= p(a, b) (* Satisfaction of local assertions *)
– I|=d Ai iff I|=d BasicC(a) and I|=d p(a, b) for every assertion C(a) and
p(a, b) in Ai. (* Satisfaction of local A-boxes *)

– I|=d A if, for every i ∈ I, I|=d Ai, and I d-satisfies every individual corre-
spondence in the union of the sets in C.

Finally, A|=d i :C(a) if, for every distributed interpretation I, I|=d A implies
I|=d i :C(a). Similarly for p(a, b).

5.3 Revisiting Some Examples Formally

Consider first the library example, and ignore, for simplicity, one of the li-
braries, Tm say. This problem is encoded by defining the distributed T-box
Tlib = 〈Th,Ts, {Bhs}〉, where
Th = {BOOK ON SHELF ≡ BOOK�¬∃ taken by.PERSON}, Ts =

{AVAILABLE BOOK ≡ BOOK�∃located at}, and Bhs = {} :hBOOK
�−→

s :BOOK, h :BOOK ON SHELF
�−→ s :∃ located at.{”Harvard”}.

Figure 4 provides an example distributed interpretation Ilib for Tlib.
Note that bridge rule h :BOOK

�−→ s :BOOK is satisfied by Ilib even though
BOOKIh is not contained in BOOKIs ; indeed, rhs(BOOKIh) = {Tractatus},
is a subset of BOOKIs , which is {Tractatus, Philosophical Investigations}. Ilib

also satisfies the second bridge rule above, since rhs(BOOK ON SHELFIh) =
rhs({TractCpy3,DB Pples}) = {Tractatus}, which is a superset of
(∃ located at.{”Harvard”})Is = {Tractatus}.

Next, consider the bridge rules for Example 3:

lit :SHAKESPEAREAN TRAGEDY
�−→ perf :STRATFORD EVENTS

lit :PLAY
�−→ perf :THEATRICAL PERFORMANCES

Using words in italics for the extensions of the corresponding con-
cepts, the above translate to semantic constraints StratfordEvents ⊆
r12(ShakespeareanTragedy) and r12(Play) ⊆ TheatricalPerformances.
Together with the subsumption SHAKESPEAREAN TRAGEDY �PLAY, 4
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∆Ih = {TractCpy1, TractCpy3, DB Pples, Mario}
BOOKIh = {TractCpy1, TractCpy3, DB Pples}

PERSONIh = {Mario}
taken byIh = {〈TractCpy1, Mario〉}

∆Is = {Tractatus, Philosophical Investigations, ”Harvard”, ”Mit”}
BOOKIs = {Tractatus, Philosophical Investigations}

located atIs =
{ 〈Tractatus, ”Harvard”〉
〈Philosophical Investigations, ”Mit”〉

}

rhs =
{ 〈TractCpy1, Tractatus〉
〈TractCpy3, Tractatus〉

}

Fig. 4. Example of distributed interpretation for Tlib

Fig. 5. Example of Inferred Subsumption Relationship (dashed line) in DDL

entailing the set relationship ShakespeareanP lay ⊆ Play, we get
the chain StratfordEvents ⊆ r12(ShakespeareanP lay) ⊆ r12(Play) ⊆
TheatricalPerformances which justifies the conclusion

perf :STRATFORD EVENT�THEATRICAL PERFORMANCE.
4 In a more complete example, this could be deduced from a definition of SHAKE-

SPEAREAN TRAGEDY, such as PLAY�∀author.{Shakespeare} �∀genre.{tragedy}.
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Figure 4 illustrates this reasoning.
The above example exhibits a common pattern of inference in DDL:

starting from
A is mapped into G by a bridge rule
A subsumes B in IS1
B is mapped onto H by a bridge rule

conclude that
G subsumes H in IS2

By applying the same inference pattern to the library example, we can deduce
that s :∃ located at.{”Harvard”}�BOOK, and since s :∃ located at.{”Harvard”}�
∃located at, we can conclude s :∃ located at.{”Harvard”}�AVAILABLE BOOK.

6 On the Basic Properties of DDL

Based on our initial motivations, the following is a list of intuitively desirable
properties for a DDL T = 〈{Ti}i∈I ,B〉
1. When deducing things at ISi in the distributed system, all local information

should be available. Formally, if Ti|=X �Y , then T|=d i :X �Y .
2. In the absence of bridge rules, no information should pass between the com-

ponent systems. Formally, if 〈{Ti}i∈I , ∅〉|=d i :X �Y then Ti|=X �Y .
3. A DDL should exhibit “directionality”/“no backflow”: we have said that

Bij contains bridge rules that are designed to provide information flow from
ISi to ISj . Therefore, such a setup should not affect, by itself, reasoning
in ISi. Formally, we would like to have that if T12 = 〈T1,T2,B12〉, and
T12|=d 1:A�B, then T1|=A�B. This would also allow for more effective
reasoning because there would be no need for a feedback loop between new
inferences in IS2 and those in IS1.

4. A collection of independent ISs should not allow local inconsistencies to
“pollute” the entire system, in the sense that if the information at ISk is not
satisfiable (e.g., because k :ANYTHING� k :NOTHING), then deductions at
other sites should not be affected. Formally, this would mean that if T1 is
inconsistent then T12|=d 2:X �Y iff T2|=X �Y .

It can be easily seen that our definition of DDL does have the first two properties,
if the component T-boxes are consistent. Unfortunately, the other two properties
do not always hold.

Concerning “backflow”, it is possible to use onto bridge rules to enforce cer-
tain properties of descriptions in IS1. For example, a rule such as 1:A �−→
2:ANYTHING requires every distributed interpretation to have the property
r12(AI1) �= ∅, because the extension of the ANYTHING concept is never empty,
and hence there must always be individuals in AI1 that correspond to it. This
kind of reasoning can sometimes be translated into new subsumptions for IS1,
which depend on IS2. To show this, let us introduce a role constant, UniversalROLE.
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It relates every possible pair of objects: UniversalROLE
I1 = ∆I1×∆I1 . Now con-

sider the DTB
〈
∅, {ANYTHING � G}, {1:A �−→ 2:G}

〉
. It d-entails the sub-

sumption 1:ANYTHING � ∃UniversalROLE.A because if A’s interpretation is
never empty then there is always some A-object to which every object can be
related by UniversalROLE.

By using Theorem 1 in the next section, and information about the specific
reasoning algorithms used, it is possible to prove that in some DDLs, such as
ones using T-boxes expressed in the SHIQ description logic, no backflow will
occur.

As far as inconsistency propagation is concerned, if one of the component
T-boxes is unsatisfiable then there is no distributed interpretation satisfying the
entire DTB, and therefore every possible assertion is automatically d-entailed
by an unsatisfiable DTB. (This kind of inconsistency propagation is not peculiar
to DDL – it is a feature of most logic-based formal models of IS with multiple
components.)

There are several options in dealing with this problem. One alternative is to
modify the definition of d-entailment so that unsatisfiable T-boxes are excluded
in the definition of the integrated system. A different approach is to search for a
“semantic” solution which has the desired properties without explicitly checking
for unsatisfiability. A number of such “non-standard” semantic approaches are
possible: The original paper on Distributed First Order Logics [15] uses sets
of ordinary interpretations to achieve this effect. We have considered simpler
versions of this, such as allowing special interpretations that assign the empty set
to every concept, including ANYTHING, or the entire domain to every concept,
including NOTHING. Such interpretations satisfy every subsmuption, including
ANYTHING�NOTHING, and therefore all T-boxes, including inconsistent ones,
have at least one satisfying interpretation. A full investigation of the properties
of various proposals is beyond the scope of this paper.

7 Relating DDL and Ordinary DL

We are interested in finding a connection between DLs and DDLs, which would
allow us to transfer theoretical results (such as complexity analysis) and reason-
ing techniques from the extensive current DL literature.

We will do so by building a “global” DL, which encodes the information
available in the local T-boxes and the bridge rules of the DDL. To do so, we
start by creating a language, GDL, for descriptions in this global DL. Suppose
one is given a family of description logics {DLi}i∈I . For any primitive concept
A (resp. role R) of DLi, let i :A (resp. i :R) be a primitive concept (resp. role) of
GDL. Moreover, GDL will use all the concept and role constructors appearing
in any DLi. Therefore GDL permits the equivalents of at least all composite de-
scriptions of DLi. GDL has the usual top and bottom concepts, ANYTHING and
NOTHING, which in this case are distinguished from the tops and bottoms of the
hierarchies in DLi, which are now ordinary concepts, with names i :ANYTHING
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and i :NOTHING. (To emphasize this, we will use instead the symbols Topi and
Boti.) GDL has a special set of role symbols rij , which will be used to simulate
the domain relations, as well as an additional role symbol P̂ , used strictly for
technical reasons.

We start by providing a translation #() from DLi concepts/roles to con-
cepts/roles in the global DL, and then extending it to map entire DDL T-boxes.
Not unexpectedly, such a translation will be based on the recursive structure of
concepts, which is based on the use of DL constructors. To emphasize this, we will
view concept and role constructors as functors, ρ, that take as arguments sim-
pler descriptions. For example, ∀p.D can be viewed as all(p,D), where all(<role
expression>, <concept expression>) is the constructor functor. The mapping #
is defined recursively as follows:

1. #(i,M) = i :M for atomic concepts and roles M (including M = ANYTHING
and M = NOTHING). (* Atomic base cases. *)

2. if ρ is a concept constructor taking k arguments, then #(i, ρ(M1, . . . ,Mk)) =
Topi � ρ(#(i,M1), . . . ,#(i,Mk)). (* Complex concepts are translated by
first translating the constructor’s arguments, and then intersecting with the
domain Topi. *)

3. if ρ is a role constructor taking k arguments, then #(i, ρ(M1, . . . ,Mk)) =
ρ(#(i,M1), . . . ,#(i,Mk)). (* Complex roles are translated by first translat-
ing the arguments.5 *)

For example, #(i,PERSON�∀likes−.TEACHER) produces

Topi � i :PERSON�∀(i : likes)−.i :TEACHER

We are now ready to construct the global DL T-box:

Definition 6. Applying # to a DTB T = 〈{Ti}i∈I , {Bij}i,j∈I〉, yields a T-box
#(T) in the language GDL, consisting of the following axioms:

1. (* Copies of axioms from local T-boxes. *)
#(i, A)�#(i, B) for all i :A�B ∈ Ti;

2. (* Translations of into bridge rules as value restrictions on rij . *)

#(i, A)�∀rij .#(j,G)6 for every into bridge rule i :A �−→ j :G ∈ Bij;
3. (* Translations of onto bridge rules as existential restrictions on the inverse

of rij . *)

#(j,H)�∃r−
ij .#(i, A) for every onto bridge rule i :A �−→ j :H ∈ Bij;

4. (* Restricting Boti to always be the incoherent concept. *)
Boti�NOTHING.

5. (* Ensuring that Topi is the proper local top of its IS-A hierarchy *)
i :A�Topi, for every atomic concept A of DLi

5 We do not use top role and role conjunction instead of ANYTHING and � in the pre-
vious item, because these constructors are rarely present in DLs, unlike ANYTHING
and � are ubiquitous.

6 This is logically equivalent to ∃r−
ij .#(i, A)�#(j, G).



Distributed Description Logics: Assimilating Information from Peer Sources 173

6. (* Ensuring that Topi is not empty *)
ANYTHING�∃ P̂ .Topi

7. (* Ensuring that every i-role p has as domain and range Topi *)
Topi�∀(i :p).(Topi) for every role p of DLi (* the range of i :p is in ∆Ii *);
∃ (i :p).ANYTHING�Topi (* i :p is only defined over ∆Ii *)

We propose to show next that under certain quite general circumstances d-
entailment can be reduced to ordinary DL-reasoning through the use of the above
translation; namely that #(T)|= #(i,X)�#(i, Y ) if and only if T|=d i :X �Y .

The proof would be based, as usual, on constructing an appropriate interpre-
tation for #(T), given one for T, and conversely. In turn, the proof of correctness
of the constructions relies on induction on the structure of concepts. So the proof
depends on the concept and role constructors of the particular DL’s involved.
In fact, the proof is quite similar for a great variety of constructors, ρ, so we will
state it in more general terms in order to abstract out this commonality.

We start by noting that the semantics of most descriptions is compositional,
so that the denotation of ρ(arg1, . . . , argn) is a function, fρ, of the denotation of
its arguments. For example, all(R, C)I is equal to fall(RI , CI) for an associated
“semantic function” fall(XR,XC) = {d ∈ ∆I | XR(d) ⊆ XC}. However, some-
times such a function depends on more than the interpretation of its arguments
— in this case the set ∆I . Although we can imagine more general scenarios, we
will consider here only constructors that depend in some explicit way on ∆I .
We will require that the function fρ make this dependency explicit by taking an
additional argument, DY, which is to be instantiated by ∆I when finding the
denotation of a particular concept constructed with ρ. For example, fall should
take three arguments, XR, XC and DY , with fall(XR,XC,DY ) defined by
{d ∈ DY | XR(d) ⊆ XC}; and (∀p.C)I would be expressed as fall(pI , CI , ∆I).

Semantic functions with the following property will be of interest to us:

Definition 7. Let ρ be a concept constructor whose semantics can be
expressed as ρ(arg1, . . . , argn)I = fρ(arg1I , . . . , arg1I , ∆I), for a func-
tion fρ(X1, ...Xn, DY ) whose definition contains no references to I.7 Let
B1, . . . , Bn,W,∆ be sets such that W ⊆ ∆, and each Bj is either a subset of W
or of W ×W , 1 ≤ j ≤ n. Then ρ is called a local constructor if fρ satisfies the
condition

W ∩ fρ(B1, . . . , Bn, ∆) = fρ(B1, ..., Bn,W )

when ρ is a concept constructors, or

fρ(B1, ..., Bn, ∆) = fρ(B1, ..., Bn,W )

when ρ is a role constructor.

The main result is then
7 In the case when one of the arguments argk of the constructor ρ is not a concept or

a role description (e.g., for number restrictions � n p, one argument is an integer),
argk

I is extended to evaluate to argk.
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Theorem 1. Suppose T = 〈{Ti}i∈I ,B〉 is a DTB in {DLi}, where every con-
cept and role constructor is local. Then #(T)|= #(i,X)�#(i, Y ) if and only if
T|=d i :X �Y .

Proof
“If”. Let I=

〈{Ii}, {rij}
〉

be a d-interpretation. Define IG to be the interpre-
tation with domain ∆IG = �i∆

Ii

(the disjoint union of the domains of DLi),
which interprets i :A in GDL according to the rule #(i, A)IG = AIi

, when-
ever A is an atomic concept or atomic role. Moreover, let rij

IG equal rij , and
P̂ IG = ∆IG ×∆IG . We then start by verifying that

#(i,M)IG = MIi

for arbitrary concepts and roleM in DLi. The proof is by structural induction on
M . The base cases for atomic concepts and roles hold by definition. So consider
some composite concept description ρ(arg1, ..., argn), where the arguments are
descriptions or values invariant with respect to the interpretation (e.g., numbers).
Then

#(i, ρ(arg1, . . . , argn))IG = (Topi � ρ(#(i, arg1), . . . ,#(i, argn)))IG

= ∆Ii ∩ fρ(#(i, arg1)
IG , . . . ,#(i, argn)IG , ∆IG)

= ∆Ii ∩ fρ(arg1Ii

, . . . , argn
Ii

, ∆IG)

On the other hand, ρ(arg1, . . . , argn)Ii

= fρ(arg1Ii

, ..., argn
Ii

, ∆Ii

). By letting
W be ∆Ii , Bi be argi

Ii

, and ∆ be ∆IG in the definition of local constructor,
we have that ∆Ii ∩ fρ(arg1Ii

, . . . , argn
Ii

, ∆IG) = fρ(arg1Ii

, . . . , argn
Ii

, ∆Ii

),

which is equal to ρ(arg1, . . . , argn)Ii

The same argument, but simplified by the
absence of set intersection, holds for role constructors ρ.

Now suppose we are given that #(T)|= #(i,X)�#(i, Y ), and that I =〈{Ii}, {rij}
〉

is a d-interpretation satisfying T; we must show I|=d i :X � i :Y .
We start by showing that IG |= #(T). So consider the various items in the def-
inition of #(T). Since #(i,M)IG = MIi

, then #(i, V )IG ⊆ #(i,W )IG if and
only if V Ii ⊆ W Ii

, and hence IG |= #(i, V )�#(i,W ) iff Ii |= V �W . As a
result, IG satisfies the subsumptions in item 1. IG satisfies items 2 and 3 be-
cause I satisfies the bridge rules of T. Axioms in item 6 are satisfied because
the Ii are interpretations, and therefore their domains ∆Ii

are nonempty, and
in turn these are the interpretations of Topi. The remaining items follow from
the fact that each Ii is a model of theory Ti, with domain ∆Ii

. Therefore IG

satisfies #(T), and hence IG|= #(i,X)�#(i, Y ). By using again the fact that
V Ii

= #(i, V )IG , we therefore get Ii|=X �Y , and hence that I|=d i :X � i :Y .

The “only if” part of the proof assumes T|=d i :X �Y , and starts from an
arbitrary interpretation IG of #(T), trying to show that IG|= #(i,X)�#(i, Y ).
We must construct from IG a d-interpretation I =

〈{Ii}, {rij}
〉

that d-satisfies
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T. Let ∆Ii

be #(i,ANYTHING)IG , and define the mappings ·Ii

: DLi → ∆Ii

to be MIi

= #(i,M)IG for atomic concepts and roles M.
First, we need to show that (∆i, ·Ii

) is indeed an interpretation of DLi. This
requires verifying that

– ∆Ii

is a non-empty set; (* true, because otherwise axiom 6 of #(T) cannot
be satisfied by IG *)

– ANYTHINGIi

= ∆Ii

(* By the definition of ∆Ii

*)
– NOTHINGIi

= ∅ (* By axiom 4 in the definition of #(T) *)
– AIi ⊆ ∆Ii

for atomic concepts A (* By axioms 5 *)
– pIi ⊆ ∆Ii ×∆Ii

for atomic roles p. (* By axioms 7 *)

Then one proves that #(i, A)IG = AIi

using the same argument as in the “if”
case, and hence that Ii|=Ti, because of the presence of items 1 in the translation
#(T).

The relation rij is defined by restricting the interpretation of rij to the
parts of interest: rij

IG ∩ (#(i,ANYTHING)IG × #(j,ANYTHING)IG). Then
the axioms in items 2 and 3 of the translation #(T) ensure that the bridge rules
of T are also satisfied. Hence I|=d T as desired, and therefore I|=d i :X �Y by
assumption. Making use again of the equivalence #(i, A)IG = AIi

, we get the
desired IG|= #(i,X)�#(i, Y ). �

The following corollary uses the properties of the abstract constructor ρ to
describe a collection of familiar concept and role constructors which allow the
above translation of DDL reasoning to DL reasoning to go through.

Corollary 1. The equivalence #(T)|= #(i,X)�#(i, Y ) if and only if
T|=d i :X �Y holds when DLi offers a subset of concept constructors
{C �D,C �D,¬C,∀p.C,�n pD,�n pD, 〈role1〉 = 〈role2〉} and role construc-
tors {〈role〉−, � , � , ◦}
Proof First, we provide for each constructor the definition of the corresponding
semantic function.

Concept Semantic function
constructor
C1 �C2 fand(XC1, XC2, DY ) = X1 ∩X2
C1 �C2 for(XC1, XC2, DY ) = X1 ∪X2
¬C fnot(XC,DY ) = {d ∈ DY | d �∈ XC}
∀R.C fforall(XR,XC,DY ) = {d ∈ DY | XR(d) ⊆ XC}
∃R.C fexists(XR,XC,DY ) = {d ∈ DY | XR(d) ∩XC �= ∅}
�nR.C fqatleast(n,XR,XC,DY ) = {d ∈ DY | |XR(d) ∩ C| ≥ n}
�nR.C fqatmost(n,XR,XC,DY ) = {d ∈ DY | |XR(d) ∩ C| ≤ n}
R1 = R2 fsameas(XR1, XR2, DY ) = {d ∈ DY | XR1(d) = XR2(d)}
Role Semantic function
constructor
R− finverse(XR,DY ) = {(y, x) | (x, y) ∈ XR}
R1◦R2 fcompose(XR1, XR2, DY ) = {(x, z) | y ∈ XR1(XR2(x))}
R1 �R2 frole and(XR1, XR2, DY ) = XR1 ∩XR2
R1 �R2 frole or (XR1, XR2, DY ) = XR1 ∪XR2
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It is straightforward to demonstrate that each constructor is local, once one
notes that DY is not used in the semantics of role constructors, and in the case
of concept constructors, it appears only in the form {d ∈ DY | . . .}, which has
the property that W ∩ {d ∈ δ | . . .} = {d ∈W | . . .} if W ⊆ δ. �

Since in the construction of #(T), roles rij occur only in descriptions of the
form ∃r−

ij .α, we can replace each r−
ij by a new role identifier sij , thus mak-

ing the role inverse constructor unnecessary in the theory #(T). Therefore the
above corollary has a consequence that DDLs with DLi that are in ALCNR [9],
DLR [10], or SHIQ [19] can use their reasoners for determining T|=d i :α�β
by operating with the theory #(T).

The following are some examples of concept and role constructors that are
not local:

– Role complement, the identity role, or any role constructor whose semantic
function cannot be written without using DY.

– A hypothetical concept constructor each(R), which denotes objects that are
related by role R to every concept in the domain of interpretation. Such a
constructor would have feach(XR,DY ) = {d ∈ DY | XR(d) = DY }, and
W ∩ feach(V,∆) �= feach(V,W ) because of the second DY in the body.

The above construction and theorem can be extended to deal with indi-
viduals (and hence A-boxes) by (a) adding to the language GDL individual
names i : ind, corresponding to individuals appearing in DLi; (b) extending # so
that #(i, ind)=i : ind; and (c) adding the axioms Topi(i : ind), indicating that i-
individuals are restricted to be interpreted in the sub-domain engendered by the
representation of each local top concept. Moreover, the corollary can be shown
to apply to constructors involving individuals such as fills and one of:

Syntax Semantic function
R(ind1, . . . , indn) ffills(XR, {v1, . . . vn}, DY ) = {d ∈ DY | {v1, . . . , vn} ⊆ XR(d)}
{ind1, . . . , indn} foneof (v1, . . . , vn) = {v1, . . . , vn}

8 Atomic DDL

In many practical applications on the web, an ontology is simply a list of words
organized in a generalization hierarchy. Such a scheme is visible in the topic areas
of search sites such DMOZ, Google, and Yahoo!. Taxonomies of terms are also
widely used in e-commerce sites, such as Eclass (www.eclass-standard.net/)
and UNSPSC (www.unspsc.com). Such “lightweight” ontologies correspond to
DLs where there are no concept and role constructors, only atomic identifiers.
Hence there is no opportunity to define complex descriptions, and the T-box
describes essentially a hierarchy of identifiers.

Although the computation of subsumption reduces to computing transitive
closure for such T-boxes, there are several additional services that can be pro-
vided by actual systems:
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– They can present visually a reduced partial order for IS-A hierarchies, where
there are no redundant IS-A links: If A�B and B�C then there is no
explicit IS-A link between A and C.

– Subsumption questions X �Y can be answered in constant time for tree
hierarchies, and still quite efficiently for hierarchies that are “almost” like
trees, by special algorithms that preprocess the final hierarchy [1,6].

There is an obvious need to integrate even such simple ontologies, if one
wants to provide access to a variety of related resources. For example, [25] show
how the integration of the ontologies of two software repositories, Tucows and
Downloads.com, can provide seamless retrieval of software from multiple sources.
However, such ontologies, especially in e-commerce, would be expected to change
daily, and would definitely not want to be merged into a single monolithic termi-
nology. Therefore our approach of peer-to-peer coupling of IS seems reasonable
in this case. As in other work, for example [20], the process starts by expressing
statements that link terms in the two ontologies, usually adding subsumption
relationships holding between terms in the two ontologies. One can then deduce
the relationships of two terms by reasoning in the T-box which is the union of the
two original ontologies, and these “cross-relating” subsumptions. The framework
of DDLs provides a more refined tool, through the use of into- and onto-bridge
rules. The question in this case is how one can reason effectively with the re-
sulting DDL. The natural course is to use Theorem 1 to transform the problem
into ordinary DL reasoning in the global DL. The most unsettling aspect of this
approach is that even if the original DLi only had atomic concepts, the theory
#(T) uses qualified existential quantifiers (∃p.C), for which it is known that
subsumption is computationally difficult in the presence of general axioms. This
is in contrast with the situation for atomic hierarchies, mentioned above.

There is however some hope for our reasoning in #(T): if one looks carefully,
the translation does not contain any nested existential restrictions. So let us focus
on a simple DTB T12 = 〈T1,T2,B12〉, and define the language GDLatomic to
allow only descriptions of the form 1:B, 2:E or 2:∃r−

12.B, with B an atomic
concept of T1, and E an atomic concept of T2. For simplicity, we will drop
explicit labels, and henceforth concepts A and B will be assumed to have label
1, while all other concepts will be assumed to have label 2. Moreover, we shall
abbreviate descriptions of the form ∃r−

12.B as ∃B.

Definition 8. Let Γ be a set of subsumption axioms involving descriptions in
GDLatomic. A derivation/proof from Γ is a sequence of descriptions α1, . . . , αn

(1 ≤ n)such that for each i < n, the relation αi�αi+1, defined by the three
inference rules below, holds

α�β if α�β is an axiom in Γ
∃A�∃B if A�B is an axiom in Γ
∃Bot1�Bot2

If α1, . . . , αn is a derivation from Γ , we shall write Γ � α1�αn,8 or sometime
Γ � α1� . . .�αn.
8 The case n = 1 yields the proof Γ � α�α for any description α.
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Next, define “proof theoretic” consistency

Definition 9. A DTB T12 = 〈T1,T2,B12〉 is 1-consistent if there is no
derivation #(T12) � Top1�Bot1, and is 2-consistent if there is no derivation
#(T12) � Top2�Bot2. T12 will be said to be consistent if it is both 1-consistent
and 2-consistent.

By extension, T1 will be said to be consistent if 〈T1, ∅, ∅〉 is (1-)consistent.

In order to simplify the proof of the next theorem, we will modify #(T12) by
adding to it some axioms that would normally be inferred by additional inference
rules. First, replace axioms of type 4 with “bottom” axioms Bot1�A, Bot2�E
and Bot2�∃A. Second, replace axioms of type 5 with “top” axioms A�Top1,
E�Top2, and ∃A�Top2. Since our original theories are atomic, there are no
axioms of type 7. Suppose we also eliminate axioms of type 6, so that #(T12)
now only has axioms of four types: A�B, E�F , E�∃A, and ∃B�F . Then it
can be shown that the interpretations of the original #(T12) correspond exactly
to what we shall call acceptable interpretations of the modified #(T12): ones
which assign the empty set to Bot1 and Bot2, and non-empty sets to Top1 and
Top2.

We are now ready to state the main result

Theorem 2. Given a DTB T12 = 〈T1,T2,B12〉, where T1, T2, and B12 in-
volve only atomic concepts, and such that T1 is consistent. Then T12|=d 2:G�H
if and only if #(T12) � G�H.

The proof of this theorem has been relegated to the Appendix, since it does not
provide any particular insight into DDL.

According to the above theorem, modulo inconsistencies, derivations g(T12) �
2:E�2:F in atomic theories are essentially chains of subsumptions in T2, in-
terspersed with “switches up” to IS1 via onto-rules, and then switches back
down via into-rules as shown in Figure 6. In fact, by adding into-bridge rule

2:E� . . . � 2:G

1:B
�−→ 2:G

1:B� . . . � 1:A

1:A
�−→ 2:H

2:H � . . . � 2:G′

1:B′ �−→ 2:G′

2:B′� . . .

Fig. 6. Intuitive shape of subsumption proofs in atomic DDL

1:NOTHING
�−→ 2:NOTHING to B12, and by adding to #(T12) all axioms

∃A�∃B whenever A�B is in T1, we can eliminate the need for any additional
inference rules, and we can treat expressions of the form ∃C as atomic. Therefore
the cost of reasoning about subsumptions 2:E�F in the DDL T12 is just the
cost of reasoning with atomic concepts in the modified atomic theory #(T12),
whose size is linear in the size of T12.
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In the case when the number of bridge rules is much smaller than the size of
T1, it may be worthwhile pre-computing the “up/down switches”. In particular,

collect all onto bridge rules Bi
�−→ Gi and into bridge rules Aj

�−→ Hj such
that T1|=Bi�Aj , and incorporate the corresponding subsumption Gi�Hj in
T2 to obtain T′

2. Assuming that subsumption computation is fast in T1, finding
such additions is a quick process. Moreover, checking whether T12|=d 2:E�F
now reduces to checking T′

2|=E�F .
As an aside, note that if in one of the above cases � Hj �Gi also holds, then

indeed Hj and Gi are equivalent as far as IS2 sees it in the DDL; but this “bow-
tie” situation [31] does not imply in DDL that the corresponding Aj and Bi

must also be equivalent, or that there is an inconsistency. This is the advantage
of allowing for directed mappings to connect the domains of the two ISs.

9 Conclusions

The seminal work of Catarci and Lenzerini [13] on integrating ISs described by
DLs, and most of the work following it, made an implicit assumption that the
local ISs have the same notion of what individual objects are, and that there was
only one set of (subsumption) assertions relating IS1 and IS2. We have argued
that in cases such as loosely coordinated IS, when there is no single global
view, these conditions need to be relaxed, by allowing general correspondence
relationships between objects in the local domains, and by having “directed”
import assertions. Moreover, in contrast to earlier approaches, our work on DDL
extends the reasoning available on ordinary schemas to the case of multiple
schemas aligned by binary correspondences between individuals. Such reasoning
can be used for a wide variety of tasks, including inconsistency detection, query
(re)formulation, and dealing with partially-specified individuals, as surveyed in
[7]. Stuckenschmidt [32] provides additional evidence that this approach has
some potential benefits by formalizing the co-ordination of local ontologies for
agents using DDL.

This paper has also identified other desirable properties of aligned DL, such
as “no backflow”, and localizing the effect of inconsistencies so that one IS does
not “infect” the reasoning of the entire system.

Among the interesting results obtained are a translation scheme of DDL
reasoning to DL reasoning, which is applicable to a large class of description
logics. The representation of the target DL knowledge base requires only the
presence of the qualified existential restriction DL-constructor ∃ p.C and the
ability to reason with (acyclic) background axioms, over and above the needs of
the local ISs. This allows both complexity results and reasoning algorithms to
be transferred for DDL whose local theories come from decidable logics such as
SHIQ and DLR.

Finally, we have taken a closer look at the case of DDL without concept
constructors, i.e., ones in which there are only atomic concepts organized in a
subsumption hierarchy. These are of interest since they correspond to a large
class of ontologies currently used on the web. In this case, we showed that the
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reasoning needed to compute d-entailment is no different from that needed to
compute regular entailment, and can be accomplished by the addition of a rela-
tively small number of pre-computed links to the hierarchy of the ontology that
“imports” information.

Among the many open problems remaining, we mention the investigation
of the behaviour of DDL with more than two local T-boxes, both in the pres-
ence and absence of cycles in the domain relations; the introduction of a greater
variety of bridge rules, especially ones that are of both practical interest and
can preserve the very useful DDL-to-DL translation theorem; and studying ap-
proaches to localizing the effect of inconsistencies.

Acknowledgements. We wish to thank the anonymous referees for their com-
ments and constructive suggestions, which we have hopefully been able to follow
to improve the paper.
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Appendix: Proof of Theorem 2

First, given a DTB T12 = 〈T1,T2,B12〉, recall the convention that symbols
A,B and C stand for atomic concepts in T1 including Top1 and Bot1, while
E,F,G and H are atomic concepts in T2, including Top2 and Bot2; and ∃A is
an abbreviation of ∃r−

12.A. Let us repeat here the inference rules used in the
definition of “derivation”:

Rule Rule Name
α�β, if α�β is an axiom in Γ (“axiom”)

∃A�∃B, if A�B is an axiom in Γ (“some”)
∃Bot1�Bot2 (“some-bottom”)

And we restate the desired theorem:

Theorem 3. Given a DTB T12 = 〈T1,T2,B12〉, where T1, T2, and B12 in-
volve only atomic concepts, and which is 1-consistent. Then T12|=d 2:G�H if
and only if #(T12) � G�H.

By Theorem 1, we know that T12|=d 2:G�H iff #(T)|= #(2, G)�#(2, H).
The rules of inference are evidently sound: if I|= #(T), and #(T) � α�β then
I|=α�β. As usual, the more complex part is to prove the completeness of
the rules: if #(T12)|=G�H then #(T) � G�H. This is shown by proving the
contrapositive: assume that there is no proof #(T) � G�H (written as #(T) ��
G�H), and then construct an interpretation I0 such that I0 |= #(T) yet GI0

is not a subset of HI0 .
The construction of I0 is based on the idea of interpreting an atomic concept

M as the empty set if M�Boti can be proven. Concepts E for which there is
no proof E�Bot2 will be interpreted as Top2. Only concepts A for which there
is no proof A�Bot1 will require more careful handling, in order to interpret
descriptions ∃A appropriately.

To be precise, let us assume that there is no proof #(T) � G�H, and let
Σ = #(T) ∪ {Top2�G, H �Bot2}. Note that G and H cannot be identical
because otherwise we have, by definition of �, #(T) � G�G, which contradicts
our assumption.

Let ∆0 = {a, b, g} be a set of three objects. Define the mapping ·I0 as follows:

– EI0 = ∅ if Σ � E�Bot2;
– EI0 = {g} if Σ �� E�Bot2;
– AI0 = ∅ if Σ � A�Bot1;
– AI0 = {a} if Σ �� A�Bot1, but Σ � ∃A�Bot1;
– AI0 = {a, b} if both Σ �� A�Bot1, and Σ �� ∃A�Bot1;
– r12

I0 = {(b, g)}, so that r−
12

I0 = {(g, b)}.
We claim that I0 is an “acceptable interpretation”. First, BotiI0 = ∅ for

i = 1, 2 because we have Σ � Boti�Boti by “bottom” axioms in #(T). Sec-
ond, Top1

I0 and Top2
I0 are not empty because we will prove below Lemma

1, showing that Σ is consistent. Moreover, once we establish that I0 |= Σ
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(Lemma 2 below), then it only remains to note that because Σ is defined as
#(T) ∪ {Top2�G, H �Bot2}, then according to the definition of I0 and in-
ference rule “axiom”, GI0 = {g} and HI0 = ∅, so that GI0 is not a subset of
HI0 .

Lemma 1. Σ is consistent.
Proof First note that the rules of inference and the form of axioms in #(T)
guarantee that if there is a derivation Σ � A�α1� . . .�αn, then αi cannot be
concepts of the form E or ∃B, and if n > 1 then each step must be based on
an axiom in T1. One consequence of the above observation is that if there is
a derivation Σ � A� . . .�αn, then since each step is based on subsumptions
in #(T1), then one can repeatedly use inference rule “some” to obtain Σ �
∃A� . . .�∃αn. A second, more immediately relevant consequence is that if Σ �
Top1�Bot1, then we must have had #(T1) � Top1�Bot1, which contradicts the
consistency assumption about T1. Therefore Σ is 1-consistent.

So suppose, by way of contradiction, that Σ is not 2-consistent: Σ �
Top2�Bot2. If #(T) itself was inconsistent, i.e., #(T) � Top2�Bot2, then due to
the presence in #(T) of “top” axiom G�Top2, and “bottom” axiom Bot2�H,
there would be a derivation #(T) � G�H, contradicting the original assumption.
Therefore #(T) must have been consistent, and only the use of one or both the
axioms in {Top2�G, H �Bot2} permits the deduction of the 2-inconsistency.

If the derivation Σ � Top2�Bot2 is of length 1, then either H = Top2 or
G = Bot2. In either case, “top” or “bottom” axioms in #(T) would allow the
derivation of H�G – a contradiction. Otherwise, the derivation must have had
at least two steps, one or two of which would have been justified by Top2�G
and H �Bot2. (Note that by the nature of the rules of inference and the form
of the axioms, repeated use of an axiom can be eliminated, arriving at a shorter
proof.)

Case (i): If the proof is of the form Σ � Top2� . . . T op2�G . . .�Bot2, then
there must be a subproof #(T) � G�Bot2. But by the presence in #(T) of
“bottom” axiom Bot2�H, we then get #(T) � G�H – a contradiction.

Case (ii): If the proof is of the form Σ � Top2� . . . H�Bot2 . . .�Bot2, then
there must be subproof of #(T) � Top2�H. But by the presence in #(T) of
“top” axiom G�Top2, we then get #(T) � G�H – a contradiction.

Case (iii): If the proof is of the form Σ � Top2� . . . T op2�G� . . . �H�Bot2
. . .�Bot2, then either G = H, which we have said was impossible, or there must
have been a subproof #(T) � G�H – a contradiction.

Case (iv): If the proof is of the form
Top2� . . . H�Bot2 . . .�Top2�G� . . . Bot2, then we are in the same situa-
tion as case (ii) above. �

Lemma 2. I0 |= Σ
Proof Consider the 4 different kinds of axioms α�β in Σ; in each case we will
show that if αI0 �⊆ βI0 then there is a contradiction.

(1) E�F — If EI0 �⊆ F I0 , then we must have EI0 �= ∅ and F I0 = ∅; the
latter holds when Σ � F�Bot2, and this, together with the presence of E�F in
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Σ, provides a derivation Σ � E�Bot2. On the other hand, EI0 �= ∅ only when
Σ �� E�Bot2 – a contradiction.

(2) A�B — If AI0 �⊆ BI0 , then AI0 �⊆ ∅, which means that Σ �� A�Bot1.
If BI0 = ∅, then we get a contradiction as in the previous case. Otherwise,
we must have (i) Σ � ∃B�Bot2 but (ii) Σ �� ∃A�Bot2. In this case, from
the assumption that A�B is in Σ, we get, using inference rule “some”, that
Σ � ∃A�∃B, which together with (i) yields Σ � ∃A�Bot2, contradicting (ii).

(3) ∃A�E — Then EI0 must be empty, requiring Σ � E�Bot2, which
together with the presence of ∃A�E in Σ, provides Σ � ∃A�Bot2. However,
(∃A)I0 = (∃r−

12.A)
I0 must not be empty, which means that AI0 must contain

b, by the definition of the interpretation of the role r−
12. But this requires that

Σ �� ∃A�Bot2 – a contradiction.
(4) F �∃B — Then F I0 �= ∅ while ∃BI0 = ∅, which requires either that

BI0 = ∅, occurring when Σ � B�Bot1, or BI0={a}, occurring when Σ �
B�Bot2. In the former case, Σ � ∃B�∃Bot1, using inference rule “some”,
which also leads to Σ � ∃B�Bot2 using inference rule “some-bottom”. Thus,
in either case we get, using the fact that F �∃B is in Σ, that Σ � F�Bot2,
contradicting the requirement that F I0 �= ∅. �
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enterprise application(s), i.e. �in-house� usage. Hence, we present an ontology 
engineering-framework that enables reusing conceptual modeling approaches in 
modeling and representing ontologies.  In this approach we prevent application-
specific knowledge to enter or to be mixed with domain knowledge. To end, we 
present DogmaModeler: an ontology-engineering tool that implements the ideas 
presented in the paper. 

Keywords: Ontology, Conceptual data modeling, Context, Ontology tools, 
Reusability, DOGMA, DogmaModeler, ORM, ORM-ML.  

1   Introduction and Motivation 

Successful conceptual data modeling approaches, such as ORM or EER, became well 
known because of their methodological guidance in building conceptual models of 
information systems. They are semantically rich disciplines and support quality 
checks at a high level of abstraction [V82]; they provide conceptual constructs like 
integrity, taxonomy, and derivation rules [H01] [F02]. Merely, conceptual data 
schemes -also called semantic data models- were developed to capture the meaning of 
an application domain as perceived by its developers [WSW99] [M99]. Nevertheless, 
this meaning is being represented in diagram formats, and typically used in an off-
time mode, i.e. used during the design phases and not at the run-time of applications. 
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Nowadays, the Internet and the open connectivity environments create a strong 
demand for sharing and exchanging not only data but also data semantics. Therefore, 
emerging ontologies are intended to represent agreed and shared domain semantics. 
So that, based on such ontologies, computer systems can meaningfully communicate 
to exchange data and make transactions interoperate independently of their internal 
technologies. For example, by sharing an ontology, heterogeneous information 
resources can be integrated and searched through mediators [TSC01] 
[SOVZJSSM02], e-commerce applications can meaningfully communicate, etc.  

Conceptual data schemes and ontologies are quite similar, as both consist of 
conceptual relations1 and rules2. Thus, several researchers have proposed to (re) use 
those conceptual methodologies and tools for ontology modeling, e.g. [F02] [CHP01] 
[BKKHSHLA01] [M01]. Reusing conceptual modeling techniques for ontology 
engineering is ultimately beneficial: the large set of existing conceptual modeling 
methods, graphical notations, and tools can make ontologies better understandable, 
and easier to adopt, construct, visualize, etc. Furthermore, legacy conceptual schemes 
can be mined and/or �ontologized�.  
For such purposes, some extensions have been made to the foundation of the 
conceptual modeling constructs. For example, to effectively capture knowledge about 
application domains, [WSW99] redefined several conceptual modeling constructs of 
the ER approach, by defining some rules �based on ontological analyses- to resolve 
ambiguities that exist in current practice of modeling relationships. [GHW02] 
suggested ontological semantics for UML class diagrams, by rooting the UML 
constructs to the GOL upper level ontology. [BCD01][BB03][MC02] have shown 
how to reason about conceptual schemes.  
However, complementary to these efforts, there are two main disparities between 
ontologies and conceptual data schemes that we aim to tackle in this paper: 
1) Conceptual data schemes are being preserved in off-time mode diagrams; while, 
ontologies typically are shareable and exchangeable at run-time, i.e. machine-
processable semantics.  

2) Unlike conceptual data schemes that capture semantics for a given application 
domain, ontologies are supposed to capture semantics about real-world domains, 
independent from specific application needs, i.e. �relatively� generic knowledge. 
Therefore, the genericity (/application-independency) of knowledge is a fundamental 
asset in ontology modeling, and that mostly distinguishes ontologies from conceptual 
data schemes.  
The first goal of this paper is to provide a way for conceptual diagrams to be 
exchanged and shared at run-time. Therefore, we define a conceptual markup 
language in which one can textually represent ORM conceptual diagrams in an open 

                                                           
1  Conceptual relations can be unary relations (usually called �concepts� or object types as 

called in ORM), or n-ary relations, which also are called fact types in ORM. 
2  Rules, formally, are well-formed formulae; defined in an ontology (or a conceptual schema) 

in order to specify and constrain the intended models that can hold. In conceptual data 
modeling they are commonly called �constraints�. Notice that rules can be used for e.g. 
enforce integrity, derivation and inference, taxonomy, etc. 
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(nonproprietary) way. The second goal is to present an ontology engineering 
framework (and tool) that enables ORM conceptual schemes to be used for modeling 
and representing ontological commitments3. Please notice that our approach is not 
restricted to ORM. The same techniques can be applied to other conceptual modeling 
methods. 
Remark: Let us now clarify some terminology that we frequently use in the paper. 
The intended use of the term 'task', is related and limited to the inferential knowledge 
that is required to describe a task to be performed, e.g. it does not describe temporal 
aspects. An application may convey one or more kinds of tasks. However the term 
task is often interchanged with the �application� that conveys one kind of task. Notice 
that the �reusability� of knowledge implies the maximization of using this knowledge 
among different kinds of applications; while increasing the usability implies 
maximizing the number of applications among the same kind of task [JM02b]. 
Moreover, we use the term �generic task� to refer to a reusable kind of task. 

 
Structure of this paper: In section 2, we give a bird's eye introduction to ORM. The 
ORM markup language (ORM-ML) will be presented in Section 3. In section 4, we 
discuss the knowledge independency and genericity issues, then we present our 
framework that uses ORM in ontology modeling. In section 5, we briefly present our 
DogmaModeler Tool for ontology engineering. Finally, in section 6, we conclude and 
present some future work. 

2   ORM Background 

Conceptual modeling methodologies are well developed and have proven to be quite 
successful for building information systems in a graphical way at the conceptual level. 
By representing the data on a higher level of abstraction conceptual models quality 
checks can be performed easily. ORM (Object-Role Modeling) [H01] is such a 
conceptual modeling approach that was developed in the early 70's. Originally it is a 
successor of NIAM (Natural-language Information Analysis Method) [VB82]. 
In ORM, the world is represented under the form of objects playing roles. There are 
two kinds of object types: lexical object types (LOTs) and non-lexical object types 
(NOLOTs). The distinction between LOTs and NOLOTs is a linguistic distinction. 
Lexical object types correspond to "utterable" entities (for instance: �ISBN�, �Title�, 
�FistName�), while Non-lexical object types (for instance: Book, Person) refer to 
"non-utterable" entities [VB82]. The design process of information systems is 
simplified by using ORM, because ORM has an easy to understand graphical notation 
which includes most frequently used constraints. 

Based on ORM, several conceptual modeling tools exist, such as Microsoft's 
VisioModeler� and the older InfoModeler, which have the functionality of modeling 
a certain Universe of Discourse (UoD) in ORM, and support the automatic generation 
of a consistent and normalized relational database schema for a  modeled UoD. 

                                                           
3  See section 4 for the definition. 
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Also, ORM schema's can be translated into pseudo natural language statements. The 
graphical representation and the translation into pseudo natural language make it a lot 
easier, also for non-computer scientists, to create, check and adapt the knowledge 
about the UoD needed in an information system. 

 
Fig. 1. An example of ORM schema 

In Fig. 1, object types are shown as named ellipses. Logical predicates (fact types) 
appear as named sequences of roles, where each role appears as a box. Roles are 
connected by line segments to the object types that 'play' them. 
In the Figure, the object types are Committee, Person, Reviewer, Author, Paper and 
PaperTitle. The dotted ellipse indicates that PaperTitle is a lexical object type while 
the others are non-lexical. The predicates in the figure can be verbalized as follows: 
�A Paper Has a PaperTitle and a PaperTitle IsOf a Paper�, �An Author Reviews a 
Paper and a Paper is Reviewed by a Reviewer�, �An Author Writes a Paper and A 
Paper is Written By an Author�, etc. The arrows connecting the object types Author 
and Reviewer to Person denote an is-a (predefined subtype) relationship.  
In what follows, we briefly name and explain the constraints appearing in the 
diagram, in fact by giving an (approximate) verbalization of the example in Fig. 1.  
For other types of ORM constraints we refer to [VB82] or [W90]; the notation and 
definitions used here are taken from [H01]. 
Black dots indicate a mandatory role constraint. Example verbalization of Fig. 1: 
�Each Paper must be WrittenBy at least one Author��. The arrow-tipped bars above 
the roles are uniqueness constraints. For example: �Each Committee is ChairedBy at 
most one Person. Uniqueness constraints can span more than one role, indicating that 
�any combination that instantiates these roles should be unique�. E.g. for the predicate 
(Author writes paper, Paper is WrittenBy author), there holds that every combination 
of author and paper is unique, so an author can only once be the author of the same 
paper. In ORM, one can also define constraints between different predicates or fact 
types. For instance, the circled �X� (which stands for eXclusion constraint) between 
�Reviewer Reviews/ReviewedBy Paper� and �Author Writes/WrittenBy Paper� means 
that an Author (Person) who has written a certain Paper is not allowed to be a 
reviewer of the same paper. An arrow between two predicates indicates a subset 
constraint between the roles involved: �Each Author who presents a Paper must have 
written that Paper�. 

 



On Using Conceptual Data Modeling for Ontology Engineering         189 

3   ORM Markup Language 

As we noted in the introduction, conceptual modeling approaches were developed to 
assist system developers during the design phases. They were not meant to be 
accessed and processed at the run-time of applications. Besides, conceptual diagrams 
are typically saved in graphical formats, which are proprietary and therefore are 
limited to use inside specific CASE tools. 
In this section we show how conceptual diagrams can be marked up and thus accessed 
and processed at run-time of applications. We illustrated this by defining a new open 
syntax markup language to represent ORM conceptual diagrams textually. ORM 
Markup Language is based on the XML syntax, and is defined in an XML-Schema 
[ORMML-XMLS] that acts as its complete and formal grammar, thus any ORM-ML 
file should be valid according to this XML-Schema.  

ORM-ML is not meant to be written by hand or interpreted by humans. It is meant to 
be implemented as a �save as� or �export to� functionality in ORM tools.  In section 6 
we will present an ontology engineering tool that makes use of ORM-ML.  
In what follows, we describe the main elements of the ORM-ML grammar and 
demonstrate it using a few elementary examples. A more complete example is 
provided in Appendix A. We chose to respect the ORM structure as much as possible 
by not �collapsing� it through the usual relational transformer that comes with most 
ORM-based tools. ORM-ML allows the representation of any ORM schema without 
loss of information or change in semantics, except for the geometry and topology 
(graphical layout) of the schema (e.g. location, shapes of the symbols), which we 
provide as a separate graphical style sheet to the ORM Schema.  
We represent the ORM document as a one node element called ORMSchema, which 
consists itself of two nodes: ORMMeta and ORMBody. As a header to an ORM 
document, and to illustrate the "ORM Schema Document" (instance) nature of the 
described schema, ORMMeta node includes meta data about the ORM document 
using the 16 Dublin Core4 Meta Tags [RFC2413]; an example of their use appears in 
Table 1 below. 

Table 1. Example of an ORMMeta Node in an ORM-ML File 
�<ORMMeta> 

<dc:Title>Bookstore</dc:title> 
<dc:Creator>Mustafa Jarrar</dc:creator> 
<dc:contributor>Jan Demey</dc:contributor> 
<dc:contributor>Robert Meersman</dc:contributor> 
<dc:Description>An example of ORM-ML </dc:description> 
<dc:Language>English</dc:language>. 
�.. 

</ORMMeta>�. 
The ORMBody node consists of at most these five different kinds of (meta-ORM) 
elements: Object, Subtype, Predicate, Predicate_Object and Constraint. 
We adopt in the sequel the ORM modeling technique as defined in [H01]. Object 
elements are abstract XML elements and are used to represent Object Types. They are 

                                                           
4  Dublin Core is a standard of 16 metadata tags that can be used for �annotating� any 

information object. 
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identified by an attribute �Name� which is the name of the Object Type in the ORM 
Schema (see fig. 2 in Example 2). Objects might have some Value or ValueRange 
elements, which are used for value constraints on the Object Type (not present in Fig. 
2). A ValueRange element has 2 attributes: begin and end, with obvious meanings. 
Object Types are implemented by two XML elements: LOT (Lexical Object Type, 
called Value Types in [H01]) and NOLOT (Non-Lexical Object Type, called Entity 
Types in [H01]). LOT elements may have a numeric attribute, which is a boolean and 
indicates whether we deal with a numeric Lexical Object Type. NOLOT elements 
have a boolean attribute called independent, which indicates whether the Non Lexical 
Object Type is independent. NOLOT elements may also have a reference element. A 
reference element would indicate how this NOLOT is identified by LOTs and other 
NOLOTs in a given application environment. A reference element has 2 attributes: 
ref_name, the name of the reference and numeric, a boolean to indicate whether it is a 
numeric reference. 

Example 2 

 

� 
<Object xsi:type="NOLOT" Name="Person"/> 
� 

Fig. 2 Table 2. ORM-ML representation of Fig. 2 

Subtype elements are used to represent subtype relationships between non-lexical 
object types. A subtype element is required to have two attributes: parent and child, 
which are references to object elements (see Example 3). 

Example 3 

 

� 
<Object xsi:type="NOLOT" Name="Person"/> 
<Object xsi:type="NOLOT" Name="Author"/> 
<Subtype Parent="Person" Child="Author"> 
� 

Fig. 3. Table 3. ORM-ML representation of Fig. 3 

Predicates consist of at least one Object_Role element. Such an element contains a 
reference to an object and may contain a role. They actually represent the rectangles 
in an ORM schema. Every Object_Role element needs a generated attribute 'ID' 
which identifies the Object_Role. Note that we did not put the �ID� attribute to refer 
to predicates rather than to object_role elements. The reason therefore is that we need 
to be able to refer to specific object-roles when we define constraints. 
Predicates can have one or more rule elements. These elements can contain extra rules 
that are defined for the predicate. Predicates also have two boolean attributes that are 
optional: �Derived� and �Derived_Stored� which indicate whether a predicate 
respectively is derived, or derived and stored, or not. 

Example 4. This example shows a simple binary predicate as in Fig 4, and how it is 
represented in ORM-ML in Table 4. 
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� 
<Object xsi:type="NOLOT" Name="Book"/> 
<Object xsi:type="NOLOT" Name="Author"/> 
<Predicate> 
     <Object_Role ID="ID1" Object=�Book�    Role=�WrittenBy�/> 
     <Object_Role ID="ID2" Object=�Author�  Role=�Writes�/> 
</Predicate> 

Fig. 4 Table 4. ORM-ML representation of Fig. 4 

Constraint elements represent the ORM constraints. The Constraint element itself is 
abstract, but it is implemented by different types of constraints, viz. mandatory, 
uniqueness, subset, equality, exclusion, frequency, and ring constraints: irreflexive, 
anti-symmetric, asymmetric, symmetric, intransitive, and acyclic constraints. As 
mentioned above, we use the ID-s of the Object_Role elements to define constraints 
(except for value constraints on an object type, since these are defined in the 
corresponding object element). 
Uniqueness and mandatory constraint elements possess only Object_Role elements (at 
least one). These elements are the object_roles in the ORM diagram on which the 
constraint is placed. In this way, there is no need to make a distinction between the 
ORM-ML syntax of "external" and "internal" uniqueness constraints (see [H01]), or 
between mandatory and disjunctive mandatory constraints (see Example 5 below). 
The representation for subset, equality and exclusion constraints is analogous, so we 
will only discuss them in general terms. Each of these latter constraints has exactly 
two elements that contain references to (combinations of) object_role elements. For 
example, to represent an equality constraint between two predicates, we create a 
subset element, containing 2 elements �First� and �Second�. In the first element we put 
references to the object_roles from the first predicate, and in the second we put 
references to the object_roles from the second predicate (see Example 5). 

Example 5. This example shows the representation of the constraints from Fig. 6. 
 
 
 

 
 
 

�<Predicate> 
   <Object_Role ID="2" Object="Committee" Role="Includes"/> 
   <Object_Role ID="3" Object="Person"  Role="IsMemberOf"/> 
</Predicate> 
<Predicate> 
   <Object_Role ID="4" Object="Committee" Role="ChairedBy"/> 
   <Object_Role ID="5" Object="Person" Role="Chairs"/> 
</Predicate> 
<Constraint xsi:type="Mandatory"> 
    <Object_Role>2</Object_Role></Constraint> 
<Constraint xsi:type="Mandatory"> 
    <Object_Role>4</Object_Role></Constraint> 
<Constraint xsi:type="Uniqueness"> 
   <Object_Role>4</Object_Role></Constraint> 
<Constraint xsi:type="Uniqueness"> 
    <Object_Role>2</Object_Role> <Object_Role>3</Object_Role> </Constraint> 
<Constraint xsi:type="Subset"> 
   <Parent> 
         <Object_Role>2</Object_Role> 
         <Object_Role>3</Object_Role> </Parent> 
   <Child> 
        <Object_Role>4</Object_Role> 
        <Object_Role>5</Object_Role>   </Child> 
 </Constraint>  � 

Fig. 5. Table 5. ORM-ML representation of Fig. 5 

Finally, ring constraint elements simply contain references to the object_roles they 
are put on, and frequency constraints have two attributes: a reference to the 
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object_role the constraint is placed on and an attribute called �Frequency� which 
contains the declared frequency number.  
A markup language such as ORM-ML has more advantages than just enabling the use 
of conceptual schemas at the runtime of applications. We name some of them: 
 
  Building Style-sheets. As ORM-ML is very easy to parse and interpret, we can 

easily build style-sheets to translate ORM-ML files into other languages. For 
instance, we have already built a style-sheet to translate ORM-ML files into 
pseudo natural language sentences, which is used in DogmaModeler (see fig. 12 
and fig. 15 in section 5). Moreover, it would be very useful to write style-sheets 
that translate ORM-ML into rule engine's languages. Experiments with Haley's 
Authorete� [Haley] are being planned in the near future. Of course, such a style-
sheet would open doors for ORM as a very powerful business rule modeling 
language. Other style-sheets can be built to translate ORM-ML into other types of 
conceptual schemes, ontology languages e.g. DAML, or into first order/description 
logic formalisms, etc.  

  Easier schema integration and transformation. For integrating information systems, 
it is in general easier to integrate or align the conceptual models of these systems 
than integrate their logical or the physical internal representation  as demonstrated 
by the literature on view- and schema integration (e.g. [SP94]). Therefore, ORM-
ML as a standardized syntax for ORM models may assist interoperation tools to 
exchange, parse or understand the ORM schemes. 

  Conceptual queries over the web. In open and distributed environments, building 
queries should be possible regardless of the internal representation of the data. 
Query languages based on ontologies (seen as shared conceptual models) help 
users not only to build queries, but also make them more expressive and 
understandable than corresponding queries in a language like SQL. Exchanging, 
reusing, or sharing such queries efficiently between agents over the web is 
substantially facilitated by a standardized markup language. Consequently, 
NIAM/ORM-based query languages (e.g. RIDL [VB82], [M81], ConQuer 
[BH96]) would gain from ORM-ML by representing queries in such an 
exchangeable representation. 

 
Of course, similar to ORM-ML, a markup language could be defined for any other 
conceptual modeling method. We have chosen ORM to illustrate adopting conceptual 
modeling methods for ontology engineering purposes because ORM has several 
strengths over other methods [H01]: ORM is fairly comprehensive in its treatment of 
many �practical� and �standard� rules, ( e.g. identity, mandatory, uniqueness, 
subtyping, subset, equality, exclusion, frequency, transitive, acyclic, 
anti/a/symmetric� derivation rules, etc.). Furthermore, ORM has an expressive and 
stable graphical notation since it captures many rules graphically and it minimizes the 
impact of change to models5. ORM has well-defined formal semantics (see e.g. [H89] 
                                                           
5  In comparison with other approaches (e.g. ER, UML), ORM models are attribute-free; so 

they are immune from changes that cause attributes to be remodeled as entity types or 
relationships.  
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[BHW91] [HPW93] [T96] [TM95] [HP95]). In addition, it is perhaps worthwhile to 
note that ORM derives from NIAM (Natural Language Information Analysis 
Method), which was explicitly designed to be a stepwise methodology arriving at 
"semantics" of a business application's data based on natural language 
communication.  

In section 4 and 5, we show how ORM-ML is used as ontological commitment 
language.  

4   DOGMA Approach for Ontology Engineering 

In this section, we present the second topic of this paper: we first discuss some 
application-independency issues of ontologies and conceptual data schemes, i.e. 
domain vs. application conceptual modeling; then we present our DOGMA6 ontology 
engineering framework that enables the use of conceptual modeling methods, such as 
ORM and its ORM-ML, for modeling and representing ontologies. 

Similar to conceptual data schemes, ontologies consist of interrelated concepts and 
rules (e.g. identity, mandatory, value, cardinality, taxonomy, etc.) that constrain and 
specify the intended meaning of the concepts. However, since conceptual schemes 
were developed only for the use of an enterprise application(s), thus, building such 
schemes depends on the specific needs and tasks that are planned to be performed 
within a certain enterprise. In comparison, building ontologies is a challenging job, 
since ontologies are supposed to hold application-independent domain knowledge. 
The consensus level about ontological content is the main requirement in ontology 
modeling, and mainly distinguishes it from conceptual data modeling. 

An expected question may arise, namely: how can one decide whether knowledge is 
application-independent? Certainly, ontology modelers will not manage to come to an 
agreement for all applications that can possibly exist in a domain. This is why we 
believe, like [CJ93], that there is no strict line between the levels of dependent and 
independent (or generic and specific) knowledge. When building an ontology, there 
will always be intended or expected needs and tasks �at hand�, which will influence 
the independency level of the ontology. In short, there is a clash between building an 
application-independent ontology and encountering the intended goals for building 
this ontology. In the problem solving research community, this issue is called the 
interaction problem, which influences the independency of the problem-solver�s 
domain knowledge [HSW97]. For example, Bylander and Chandrasekaran argued in 
[BC88] that: 

�Representing knowledge for the purpose of solving some problem is 
strongly affected by the nature of the problem and the inference 
strategy to be applied to the problem.� 

Solving such a clash requires a principled methodology to guide ontology modelers 
towards more genericity, as well as meeting requirements at hand. Notice that the 
methodologies that emphasize on the requirements �at hand�, or that evaluate 
                                                           
6  Developing Ontology-Guided Mediation for Agents 
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ontologies based only on how they fulfill specific requirements, will lead to 
application ontologies, similar to conceptual data schemas containing less reusable 
knowledge. Likewise, the methodologies that emphasize only on the genericity of the 
knowledge will lead to less usable ontologies, since they have no intended use by 
ignoring requirements at hand [BBH96][RVMS99]. 

In our approach, we introduce an essential principle that underpins the foundation of 
ontologies. Unlike ontology engineering proposals, which consider an ontology as 
one �unit�, holding both conceptual relations and rules together (e.g. [G95], [G98], 
[FHVDEK00]): we decompose an ontology into an ontology base and a layer of 
ontological commitments. The ontology base holds conceptual relations, as domain 
knowledge. The commitment layer consists of a set of ontological commitments, 
where each commitment holds ontology rules, which formally and explicitly provide 
an interpretation of an application or task in terms of the domain knowledge, (see fig. 
6). We will show that ontology rules are mostly application/task-dependent 
knowledge, i.e. strongly influenced by the intended use of the knowledge and 
requirements at hand. Therefore, as a result of the decomposition, the genericity of the 
knowledge in the ontology base level is increased, while rules influenced by 
requirements at hand are kept separated in the commitment layer. Hence, a 
conceptual schema can be seen as an ontological commitment defined in terms of the 
domain knowledge. In what follows, we respectively describe the ontology base and 
the commitment layer, illustrating both by means of a detailed example. For further 
details about the DOGMA approach, see [JM02a] and [JM02b]. 

 
Fig. 6. Knowledge organization in the DOGMA approach 

The ontology base consists of  �plausible� intuitive domain fact types, represented 
and organized as a set of context-specific binary conceptual relations, called lexons. A 
lexon is formally described as a 4-tuple of the form <γ: Term1, Role, Term2>, where γ 
is a context identifier, used to group lexons that are intuitively and informally 
�related� in an intended conceptualization of a domain. For each context γ and Term 
T, the pair (γ, T) is assumed to refer to a concept.  

Fig. 7. shows an example of an ontology base represented in a table format (see fig. 
13 for its corresponding �tree� representation using DogmaModeler). The ontology 
base in this example consists of two contexts: �Books� and �Categories�. Notice that 
the term �Product� that appears within both contexts refers to two different concepts: 
the intended meaning of �Product� within the context �Categories� �that deal with the 
subject classification of books- refers to a topic or a subject of a book, while within 
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the context �Books�, it refers to a real world�s entity. More about our notion of 
context will be discussed at the end of this section.  

 

Fig. 7.  Example of an ontology base  

The layer of ontological commitments mediates between the ontology base and its 
applications. Each commitment consists of: (1) an ontological view that specifies 
which lexons from the ontology base are relevant7 to this commitment, i.e. selection 
of lexons, and (2) rules that formally constrain and specify the intended meaning of 
the selected lexons. For simplicity, one can see a commitment as a conceptual 
schema, where its conceptual relations correspond to lexons in the ontology base. 
Applications that use (or more precisely, �commit to�)  a certain commitment must 
satisfy all rules declared in this commitment. In other words, any possible world, for 
an application, must conform to the rules declared in its commitment(s) (cf. model-
theoretic semantics). 

Each ontological commitment corresponds to an explicit instance of an (intensional) 
first order interpretation of the domain knowledge in the ontology base. In other 
words, it is the role of commitments to provide the formal interpretation(s) of the 
lexons. Therefore, the lexons in an ontology base are free of a particular formal 
interpretation. This allows different formalizations and interpretations, even if 
sometimes they disagree about certain things, to co-exist as different commitments in 
the commitment layer and to share what they have in common. 
In our approach, ontological commitments are not restricted to be expressed in a 
certain specification language. However, as the goal of this paper is to enable the use 
of conceptual modeling methods, we illustrate representing ontological commitments 
using the ORM-ML. In the next example, as well as in the next section, we illustrate 
how commitments can be modeled using the ORM graphical notation, while the 
corresponding ORM-ML is being generated automatically. 

                                                           
7  Notice that the relevancy is an application-dependent choice. 
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In the next example, we show how an ontology base -holding domain knowledge- 
may have different formal interpretations in different commitments, and that is 
because of the difference in the intended use of the same domain knowledge. 

Example 

The example given below is based on the Biblio-OntologyBase domain knowledge 
provided in Fig. 7. We present two different kinds of applications: library applications 
that need to interoperate with other libraries, and bookstore applications that 
additionally need to interoperate with other bookstores. Each kind of application has 
different rules (i.e. interpretation) that do not necessarily agree with the other�s rules. 
E.g., unlike bookstores, pricing information is not relevant for library applications. 
Likewise, bookstores identify a book by its ISBN, while in library applications, ISBN 
is not a mandatory property for every instance of a book, so it cannot be used for 
identity8 purposes; instead, they identify a book by the combination of its title and 
authors. So for bookstores, instances of a �Thesis�, a �Manual�, etc. are not 
considered as books -since they do not have ISBN- while for libraries they are. 
However, suppose that both bookstore and library applications have the same 
agreement about categories (i.e. topics of books). Fig. 8, Fig. 9, and Fig. 10 illustrate 
the use of the ORM graphical representation of ontological commitments for 
�Bookstore� �Library�, and �Categories� respectively.  

 

Fig. 8. �Bookstore� Ontological Commitment 

 

Fig. 9. �Library� Ontological Commitment 

Topic Computers 
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Computer_Science 

Programming 

Product 
SuperTopicOf SuperTopicOf

SuperTopicOf

SuperTopicOf

SuperTopicOf 

SuperTopicOf 

DBMS 

Word_Processors 

Case_Tools 

SuperTopicOf

SuperTopicOf

SuperTopicOf

 
Fig. 10. �Categories� Ontological Commitment9 

                                                           
8  Notice that in ORM, the identity of a concept is based on the Uniqueness and Mandatory 

properties together. For example, if an ISBN is a mandatory and a unique property for all 
instances of the concept book, then one can use the ISBN as an identify property for the 
concept book. Furthermore, in ORM, one can use the combination of two (or more) 
properties to identify a concept, e.g. the combination of (title, author) of a book. In that case 
both properties must be unique and mandatory for every instance of a book, at any time. 

9 Notice that we do not use the subtype relationship in ORM to represent the �SuperTopicOf� 
relationship in Fig. 11; since they do not have the same formal semantics. For more 
information about the formalization of topics and subjects, see [WJ99]. 
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All commitments share the same Biblio-OntologyBase shown in Fig. 7: all fact types 
in each commitment correspond to lexons in the ontology base. Notice that a 
commitment only uses the lexons that are relevant to it, i.e. the ontological view. For 
example, the lexons {<Books: Book, ValuedBy, Price>, <Books: Price, Has, 
Value>�} do not appear in the �Library� commitment.  

Fig. 11 shows commitments sharing the same Biblio-OntologyBase together with 
some bookstore applications committing to the �Bookstore� and �Categories� 
commitments, and some library applications committing to the �Library� and 
�Categories� commitments.  

 
Fig. 11. Using ontological commitments  

Discussion  

One can see from the previous example that application-kinds, even within the same 
domain, may have different formal interpretations of the same knowledge. For 
example, the set of possible instances of the concept �book� for library applications is 
formally not the same as for bookstore applications, since both have different identity 
criteria, etc. Nevertheless, in reality, both kinds of applications intuitively share the 
same concept of what is really a book. For example, suppose that one assigns an 
ISBN for an instance of a �Master Thesis�, then this instance can be considered as a 
book for bookstores, or that one removes an ISBN for an instance of a book, then this 
instance will no longer be a book, although, this instance remains the same real life 
object and is still being referred to and used as a book. Obviously, one of the main 
requirements at hand (i.e. intended use) for bookstores is �what can be sold�, which 
influences the identity criteria and thus the formal interpretation of the domain 
knowledge. However, there is more to �say�, than an ISBN, in order to identify a 
book in real world domains (e.g. structuring, formatting, authoring, publishing, 
printing, versioning, copying�). And, that the identity criteria should be based on 
essential properties that help to distinguish real world objects as being the same or not 
[G02]. In other words, for modelling ontologies at the domain level, the identity of a 
concept should serve to identify all of its instances in all applications.  
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Please note that the aim of this paper is not to discuss the identity rule, but we use this 
example to illustrate the difference (and requirements) between modeling knowledge 
at the domain level vs. modeling knowledge at the application level. 
At the domain level, in our approach, we have introduced the notion of context; so 
that a term within a context refers intuitively to a concept. The intuition that a context 
provides here is: a set of implicit or maybe tacit10 assumptions that are necessary for 
all instances of a concept in all its applications. In other words, a context is an 
abstract identifier that refers to implicit and tacit assumptions in a domain, and that 
maps a term to its intended meaning (i.e. concept) within these assumptions. Notice 
that a context in our approach is not explicit formal knowledge. In practice, we define 
a context by referring to a source (e.g. a set of documents, laws and regulations, 
informal description of �best practice�, etc.), which, by human understanding, is 
assumed to �contain� the necessary assumptions. 
We suppose that the ontology base �as intuitive domain knowledge- is free of any 
particular formal interpretation; or rather, lexons are assumed (by human 
understanding) to be �true within their context�s source�. The formal interpretation of 
the lexons is provided through ontological commitments, which are explicit and 
formal (and thus machine-understandable) knowledge. 
As a result and as we have illustrated before, we enable the use of conceptual 
modeling methods for modeling ontological commitments. The application-
independency level of an ontology is increased, by separating the commitments 
(mostly application/task-dependent knowledge) from the ontology base (intuitive 
domain knowledge). In other words, the interaction problem has �neglectable� 
influence on the genericity of the ontology base level, because ontology modelers are 
prevented from entering their application-specific rules at this level. 
Remark: In accordance to the given independency discussion, we emphasize that 
modeling ontological commitments should not be specific to certain needs, they 
should be made more generic (e.g. describing application kinds, generic tasks, etc.), 
and seen as reusable components of knowledge. In our approach, the ontological 
commitments that are specific to a limited number of applications do not affect the 
independency of other commitments in the same commitment layer. Rather, 
Commitments -specially large ones- can even be modularized into smaller and 
interrelated commitments, so that the general purpose �i.e. reusable- parts can be 
separated from the more specific parts [JM02b]. And therefore, not only the ontology 
base (i.e. lexons and the intuitive definitions of their terms) can be shared and reused 
among commitments, but also the ontological commitments themselves can be 
modularized and seen as a set of reusable knowledge components. 

                                                           
10  The difference between implicit and tacit assumptions, is that the implicit assumptions, in 

principle, can be articulated but still they have not, while tacit assumptions are the knowledge 
that cannot be articulated: it consists partially of technical skills �the kind of informal, hard-
to-pin-down skills captured in terms like �know-how�, �we know more than we can tell or 
put in words�, etc. Even if tacit assumptions cannot be articulated, but they can be transferred 
through other means over than verbal or formal descriptions [Innovanet03] [N94]. In many 
cases, the knowledge about the real world (such as the identity of a person, book, etc.) is tacit 
knowledge [P96]. 
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5   DogmaModeler Ontology Engineering Tool 

This section briefly outlines our DogmaModeler Tool prototype for ontology 
engineering. Its implementation is based on the approach described in this paper. 
DogmaModeler supports functionalities for modeling, browsing, and managing both 
the ontology base and the commitments. It supports modeling ontological 
commitments using the ORM graphical notation, and it generates the corresponding 
ORM-ML automatically. In addition, DogmaModeler supports verbalization of 
ontological commitments into pseudo natural language. Fig. 12 shows a screenshot of 
DogmaModeler with demonstrates its three main windows: the ontology base 
window, the commitment modeling window, and the commitment library window. 
We will describe these windows in what follows. 

 
Fig. 12. A screenshot of DogmaModeler. 

Ontology base window (The top left side of Fig. 12) 

Before building ontological commitments, ontology builders should define their 
lexons in the ontology base window, in case it is empty. This window presents the set 
of lexons � {< γ : Term1, Role, Term2>} - in a tree-like structure11. The first level, (Ω) 
represents ontology bases (e.g. Biblio-Ontologybase).  In the second level, each node 
(γ) represents a context (e.g. Books).  Within a context, each node (Τ), in the third 
level, represents a term; while nodes ( ) in the fourth level, represent the set of 
(Role, Term2) for that term.  

                                                           
11  The ontology base tree has advanced features, so it can also be browsed and seen as a graph. 
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Notice that level 0 ( ) in the tree represents an ontology base server, where the 
content of ontology bases is hosted and managed. All transactions on the ontology 
base (e.g. creating contexts, editing lexons, etc.) will be transmitted, verified and 
executed on the server side. As one can see in Fig. 12, DogmaModeler is connected 
with our DogmaServer12, which stores and serves the ontology base and the 
commitment layer. 

Commitment modeling window (The right side of Fig. 12) 

This window consists of three panels: ORM, ORM-ML, and Pseudo NL. To build an 
ontological commitment, ontology builders can drag and drop lexons from the 
ontology base window into the ORM panel (i.e. defining the ontological view). When 
doing so, lexons will be mapped automatically into ORM fact types. Then, in order to 
define rules on these lexons, ontology builders can use the ORM family of 
constraints; see icons in the top of the ORM panel. 

Remark: mapping lexons as intuitive domain knowledge into ORM fact types that 
have predefined formal semantics [V82] is done as the following: a Term within a 
context is mapped directly into an Object Type in ORM, Roles within a context are 
also mapped directly into ORM Roles. While in case of ORM Subtype relations that 
have specific �build-in� semantics, commitment builders need to customize the 
�Graph settings� window, in order to specify which roles should be mapped, see Fig. 
13. Further, DogmaModeler does not support ORM unary roles and nested fact types. 

As we mentioned before, our approach is not restricted to ORM; the tool is designed 
with flexibility of adding new plug-ins in order to support modeling commitments in 
other languages, e.g. EER, UML, DAML, OWL etc. 

 
Fig. 13. Mapping to ORM Subtyping relationship 

Fig. 14 shows the corresponding ORM markup language of the ORM model in Fig. 
12, which is automatically generated by the tool. DogmaModeler supports saving 
ORM-ML into text files, or uploading it into an ontology server.  
 

                                                           
12  For more details, or to download DogmaServer, you can access: 
  http://www.starlab.vub.ac.be/research/dogma/OntologyServer.htm. 
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Fig. 14. The ORM-ML panel window 

Fig. 15 shows the corresponding Pseudo Natural language (fixed-syntax English 
sentences) of the ORM model from Fig. 12. It is automatically generated by the tool 
by applying predefined templates to the commitments� content. We believe that this 
allows non-experts to (help to) check, validate or build the commitment rules and will 
simplify the modeling process. 
 
Commitment library window (Under the ontology base window) 
The purpose of this window is to enhance the reusability, management, and 
organization of ontological commitments. The current implementation allows 
ontology builders to access and browse ontological commitments stored in a library 
(Θ). Each node ( ) in the first level of the tree represents a commitment. By 
expanding a commitment node, the set of lexons and the set of rules -subject to this 
commitment- will appear in the second level. Advanced features e.g. indexing, 
modularization/composing, versioning, etc. of ontological commitments are ongoing 
research issues. 
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Fig. 15. The Pseudo NL panel window 

6   Conclusions and Future Work 

This paper has presented and discussed two main disparities between conceptual data 
schemes and ontologies, and we have shown how these disparities can be tackled 
when adopting conceptual data modeling techniques for ontology engineering 
purposes. First, we have presented how conceptual diagrams can be marked up and 
thus accessed and processed at run-time of applications. We have illustrated this by 
defining a conceptual markup language in order to textually represent ORM 
conceptual diagrams. Second, we have discussed and analyzed the differences 
between modeling knowledge at the application level vs. modeling knowledge at the 
domain level and thus conceptual data schemes vs. ontologies. We have presented an 
ontology engineering approach and tool that increase the application-independency of 
an ontology by decomposing it into an ontology base (that holds intuitive domain 
knowledge) and a set of ontological commitments (that hold application specific 
knowledge). Hence, we have enabled conceptual data modeling methods to be used 
for modeling and representing ontological commitments. 
Future research on our approach concerns the development and engineering of 
commitment libraries, which open new several research issues such as e.g. indexing, 
versioning, distributed development, modularization, etc. of ontological 
commitments. Currently, our main priority is to develop and formalize a methodology 
for modularizing (and thus composing) ontological commitments. As a work in 
progress, we have defined an inclusion interrelationship between ontological 
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commitments, so that all concepts and constraints introduced in the included 
commitment will be inherited in the including commitment. 
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Appendix A 

A complete example of an ORM Schema with the associated ORM-ML file, ORM 
pseudo NL generated by the DogmaModeler tool. 

ORM Schema 

 

ORM-ML 

<?xml version="1.0" encoding="UTF-8"?> 
<ORMSchema xmlns:xsi=http://www.w3.org/2001/XMLSchema-instance  
xsi:noNamespaceSchemaLocation= http://starlab.vub.ac.be/ORMML/ormml.xsd 
xmlns:dc="http://purl.org/dc/elements/1.1/"> 
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<ORMMeta> 
         <dc:title>ORM ML example</dc:title> 
         <dc:creator> Mustafa Jarrar </dc:creator> 
         <dc:description>A complete example of an ORM ML file</dc:description> 
         <dc:contributor>Jan Demey</dc:contributor> </ORMMeta> 
<ORMBody> 

<Object xsi:type='NOLOT' Name='Committee' /> 
<Object xsi:type='NOLOT' Name='Person' /> 
<Object xsi:type='NOLOT' Name='Author' /> 
<Object xsi:type='NOLOT' Name='Reviewer' /> 
<Object xsi:type='NOLOT' Name='Paper' /> 
<Object xsi:type='LOT' Name='PaperTitle' /> 
<Subtype Parent='Person' Child='Author'/> 
<Subtype Parent='Person' Child='Reviewer'/>   
<Predicate> 

<Object_Role ID='2' Object='Committee' Role='Includes'/> 
<Object_Role ID='3' Object='Person' Role='IsMemberOf'/> </Predicate> 

<Predicate> 
<Object_Role ID='4' Object='Committee' Role='ChairedBy'/> 
<Object_Role ID='5' Object='Person' Role='Chairs'/>    </Predicate> 

<Predicate> 
<Object_Role ID='6' Object='Reviewer' Role='Reviewes'/> 
<Object_Role ID='7' Object='Paper' Role='ReviewedBy'/> </Predicate> 

<Predicate> 
<Object_Role ID='8' Object='Author' Role='Writes'/> 
<Object_Role ID='9' Object='Paper' Role='WrittenBy'/>  </Predicate> 

<Predicate> 
<Object_Role ID='10' Object='Author' Role='Presents'/> 
<Object_Role ID='11' Object='Paper' Role='PresentedBy'/> </Predicate> 

<Predicate> 
 <Object_Role ID='12' Object='PaperTitle' Role='isOf'/> 
 <Object_Role ID='13' Object='Paper' Role='Has'/> </Predicate> 

<Constraint xsi:type='Mandatory'> <Object_Role>2</Object_Role></Constraint> 
<Constraint xsi:type='Mandatory'><Object_Role>4</Object_Role></Constraint> 
<Constraint xsi:type='Mandatory'><Object_Role>6</Object_Role></Constraint> 
<Constraint xsi:type='Mandatory'><Object_Role>8</Object_Role></Constraint> 
<Constraint xsi:type='Mandatory'><Object_Role>9</Object_Role></Constraint> 
<Constraint xsi:type='Mandatory'><Object_Role>13</Object_Role></Constraint> 
<Constraint xsi:type='Uniqueness'><Object_Role>4</Object_Role></Constraint> 
<Constraint xsi:type='Subset'> 

<Parent><Object_Role>2</Object_Role><Object_Role>3</Object_Role> </Parent> 
<Child> <Object_Role>4</Object_Role> <Object_Role>5</Object_Role> </Child> 

</Constraint> 
<Constraint xsi:type='Uniqueness'> 

<Object_Role>2</Object_Role><Object_Role>3</Object_Role></Constraint> 
<Constraint xsi:type='Uniqueness'> 
<Constraint xsi:type='Uniqueness'> 

<Object_Role>10</Object_Role><Object_Role>11</Object_Role></Constraint> 
<Constraint xsi:type='Uniqueness'> 

<Object_Role>8</Object_Role><Object_Role>9</Object_Role></Constraint> 
<Constraint xsi:type='Uniqueness'> 

<Object_Role>6</Object_Role><Object_Role>7</Object_Role></Constraint> 
<Constraint xsi:type='Exclusion'> 

<First><Object_Role>8</Object_Role><Object_Role>9</Object_Role></First> 
<Second><Object_Role>6</Object_Role><Object_Role>7</Object_Role></Second> 

</Constraint> 
<Constraint xsi:type='Uniqueness'> 

<Object_Role>12</Object_Role><Object_Role>8</Object_Role></Constraint> 
<Constraint xsi:type='Uniqueness'><Object_Role>13</Object_Role></Constraint> 
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<Constraint xsi:type='Uniqueness'><Object_Role>12</Object_Role></Constraint> 
<Constraint xsi:type='Subset'> 

<Parent>  <Object_Role>8</Object_Role>  <Object_Role>9</Object_Role> </Parent> 
<Child> <Object_Role>10</Object_Role> <Object_Role>11</Object_Role> </Child> 

    </Constraint>  
  </ORMBody>  
</ORMSchema> 

ORM Verbalization  

(Pseudo NL sentences, generated by DogmaModeler) 
 

 Each Committee must ChairedBy at least one Person. 
 Each Committee must Includes at least one Person. 
 Each Reviewer must Reviewes at least one Paper. 

Each Author must Writes at least one Paper. 
 Each Paper must WrittenBy at least one Author. 
 Each Paper must Has at most one PaperTitle.  
 Each PaperTitle must isOf at most one Paper. 
 Each Committee must ChairedBy at most one Person. 
 It is disallowed that the same Committee Includes the same Person more then once, and 

it is disallowed that the same Person IsMemberOf the same Committee more then once. 
 It is disallowed that the same Author Presents the same Paper more then once, and it is 

disallowed that the same Paper PresentedBy the same Author more then once. 
 It is disallowed that the same Author Writes the same Paper more then once, and it is 

disallowed that the same Paper WrittenBy the same Author more then once. 
 It is disallowed that the same Reviewer Reviewes the same Paper more then once, and it 

is disallowed that the same Paper ReviewedBy the same Reviewer more then once. 
  Each Person who Chairs a Committee must also IsMemberOf  that  Committee. 
 Each Paper who WrittenBy  a  Author must also PresentedBy that  Author. 
 Each Paper which is WrittenBy a Person must not ReviewedBy with that Person. 
 Each (PaperTitle, Author) as a combination refers to at most one Paper. 
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Abstract. In cooperative information systems, the quality of data ex-
changed and provided by different data sources is extremely important.
A lack of attention to data quality can imply data of low quality to
spread all over the cooperative system. At the same time, improvement
can be based on comparing data, correcting them and disseminating high
quality data. In this paper, a framework and a related architecture for
managing data quality in cooperative information systems is proposed,
as developed in the context of the DaQuinCIS research project. Then
the focus concentrates (i) on an XML-based model for data and quality
data, and (ii) on the design of a broker, which selects the best available
data from different sources; such a broker also supports the improve-
ment of data based on feedbacks to data sources. The broker is the basic
component of the DaQuinCIS architecture.

1 Introduction

A Cooperative Information System (CIS) is a large scale information system
that interconnects various systems of different and autonomous organizations,
geographically distributed and sharing common objectives. Among the different
resources that are shared by organizations, data are fundamental; in real world
scenarios, an organization A may not request data from an organization B if it
does not “trust” B data, i.e., if A does not know that the quality of the data
that B can provide is high. As an example, in an e-Government scenario in which
public administrations cooperate in order to fulfill service requests from citizens
and enterprises [1], administrations very often prefer asking citizens for data,
rather than other administrations that have stored the same data, because the
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quality of such data is not known. Therefore, lack of cooperation may occur due
to lack of quality certification.

Uncertified quality can also cause a deterioration of the data quality inside
single organizations. If organizations exchange data without knowing their actual
quality, it may happen that data of low quality spread all over the CIS.

On the other hand, CIS’s are characterized by high data replication, i.e.,
different copies of the same data are stored by different organizations. From a
data quality perspective this is a great opportunity: improvement actions can be
carried out on the basis of comparisons among different copies, in order either to
select the most appropriate one or to reconcile available copies, thus producing
a new improved copy to be notified to all involved organizations.

In this paper, we introduce a framework and an overall architecture for man-
aging data quality in CIS’s, as developed in the context of the DaQuinCIS
research project1. The architecture aims at avoiding dissemination of low quali-
fied data through the CIS, by providing a support for data quality diffusion and
improvement. At the best of our knowledge, this is a novel contribution in the
information quality area, that aims at integrating, in the specific context of CIS,
both modeling and architectural issues. To enforce this vision, the current work,
beside presenting the general architecture, focuses on two specific elements of
the problem, that we consider of primary importance. More specifically:

– we first face the problem of lack of quality certification by proposing a model
for each organization to export data with associated quality information. The
model is XML-based in order to address interoperability issues existing in
cooperative information systems;

– then, we present the distributed design of a single architectural element,
based on the model cited above, namely the Data Quality Broker, which
allows each organization involved in the CIS to retrieve data specifying their
quality requirements. The Data Quality Broker offers only data that satisfy
the given requirements and notifies organizations about the highest quality
values found within the CIS. Its design takes into account reliable communi-
cation issues and shows the feasibility of our approach in practical scenarios.

The structure of the paper is as follows. In Section 2, the proposed frame-
work for Cooperative Information Systems is introduced, and the DaQuinCIS
architecture specifically addressing quality related issues is described. In Section
3, a model for both the exchanged data and their quality is presented. In Section
4 the Data Quality Broker is described and its distributed design is discussed. In
Section 5, related research work is discussed and compared, and finally Section
6 concludes the paper by drawing future work and possible extensions.

1 “DaQuinCIS – Methodologies and Tools for Data Quality in Cooperative In-
formation Systems” is an Italian research project carried out by Università di
Roma “La Sapienza”, Università di Milano “Bicocca” and Politecnico di Milano
(http://www.dis.uniroma1.it/∼dq/).
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2 A Cooperative Architecture for Data Quality

2.1 Definition of Cooperative Information System

In current business scenarios, organizations need to cooperate in order to offer
services to their customers and partners. Organizations that cooperate have
business links (i.e., relationships, exchanged documents, resources, knowledge,
etc.) connecting each other. Specifically, organizations exploit business services
(e.g., they exchange data or require services to be carried out) on the basis of
business links, and therefore the network of organizations and business links
constitutes a cooperative business system.

As an example, a supply chain, in which some enterprises offer basic products
and some others assemble them in order to deliver final products to customers, is
a cooperative business system. As another example, a set of public administra-
tions which need to exchange information about citizens and their health state
in order to provide social aids, is a cooperative business system derived from the
Italian e-Government scenario [1].

A cooperative business system exists independently of the presence of a soft-
ware infrastructure supporting electronic data exchange and service provisioning.
Indeed cooperative information systems are software systems supporting coop-
erative business systems; in the remaining of this paper, the following definition
of CIS is considered:

A cooperative information system is formed by a set of organizations
{ Org1, . . . , Orgn } which cooperate through a communication infrastructure
N, which provide software services to organizations as wells as reliable connec-
tivity. Each organization Orgi is connected to N through a gateway Gi, on which
services offered by Orgi to other organizations are deployed.

2.2 The Architecture for Data Quality

A typical feature of CIS’s is the high degree of data replicated in different or-
ganizations. As an example, in an e-Government scenario, the personal data of
a citizen are stored by almost all administrations. On the basis of the proposed
definition of CIS, more than one organization can implement the same service
providing access to data; but several organizations can provide the same data
though with different quality levels. Any requester of data may want to have
the data with the highest quality level, among the provided ones. Thus only the
highest quality data are returned to the requester, limiting the dissemination of
low quality data. Moreover, the comparison of the gathered data values can be
used to enforce a general improvement of data quality in all organizations.

In the context of the DaQuinCIS project, we propose an architecture for the
management of data quality in CIS’s; such an architecture allows the diffusion
of data and related quality and exploits data replication to improve the overall
quality of cooperative data. According to the logical model of a CIS presented
in the previous section, we need to define both a model for the organizations



The DaQuinCIS Broker: Querying Data and Their Quality 211

Cooperative 
Gateway

Quality Notification 
Service (QNS)

Data Quality 
Broker (DQB)

Quality 
Factory (QF)

back-end systems

internals of the 
organization

Org1

Cooperative 
Gateway

Org2

Cooperative 
Gateway

Org2

Communication 
Infrastructure

Cooperative 
Gateway

Orgn

Cooperative 
Gateway

Orgn

Rating 
Service

Cooperative 
Gateway

Quality Notification 
Service (QNS)

Data Quality 
Broker (DQB)

Quality 
Factory (QF)

back-end systems

internals of the 
organization

Org1

Cooperative 
Gateway

Quality Notification 
Service (QNS)

Data Quality 
Broker (DQB)

Quality 
Factory (QF)

back-end systems

internals of the 
organization

Org1

Cooperative 
Gateway

Org2

Cooperative 
Gateway

Org2

Communication 
Infrastructure

Cooperative 
Gateway

Orgn

Cooperative 
Gateway

Orgn

Rating 
Service

Fig. 1. An architecture for data quality diffusion and improvement

to exchange data and quality data and a set of services that realize quality
management functions.

The model for data quality we propose in this paper is called Data and Data
Quality (D2Q) model. It includes the definitions of (i) constructs to represent
data, (ii) a common set of data quality properties, (iii) constructs to represent
them and (iv) the association between data and quality data. The D2Q model
is described in Section 3.

In order to produce data and quality data according to the D2Q model, each
organization holds a Quality Factory that is responsible for evaluating the
quality of its own data. The overall architecture is depicted in Figure 1. In the
following we give a description of each element:

– Data Quality Broker: it is the core of the architecture. It performs, on
behalf of a requesting organization, a data request on all organizations, also
specifying a set of quality requirements that the desired data have to satisfy
(quality brokering function). Different copies of the same data received as
responses to the request are reconciled and a best-quality value is selected
and proposed to organizations, that can choose to discard their data and
adopt higher quality ones (quality improvement function). Quality brokering
and improvement are described in Section 4. If the requirements specified in
the request cannot be satisfied, then the broker initiates a negotiation with
the requester that can optionally weaken the constraints on the desired data.
The Data Quality Broker is in essence a data integration system [2] which
allows to pose quality-enhanced query over a global schema and to select
data satisfying such requirements.

– Quality Notification Service: it is a publish/subscribe engine used as a
general message bus between architectural components and/or organizations.
More specifically, it allows quality-based subscriptions for organizations to
be notified on changes of the quality of data. For example, an organization
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may want to be notified if the quality of data it uses degrades below a certain
acceptable threshold, or when high quality data are available.

– Rating Service: it associates trust values to each data source in the CIS.
These are used to determine the reliability of the quality evaluation per-
formed by organizations. In this paper, for sake of simplicity, we assume
that all organizations are reliable, i.e., provide trustable values with respect
to quality of data.

In this paper, we only focus on the architectural design of the data quality
broker, which is detailed in Section 4. The reader interested in other elements
can refer to [3,4,5].

3 The D2Q Model

All cooperating organizations export their application data and quality data (i.e.,
data quality dimension values evaluated for the application data) according to
a specific data model. The model for exporting data and quality data is referred
to as Data and Data Quality (D2Q) model. In this section, we first introduce
the data quality dimensions used in this paper (Section 3.1), then we describe
the D2Q model with respect to the data features (Section 3.2) and the quality
features (Section 3.3).

3.1 Data Quality Dimensions

Data quality dimensions are properties of data such as correctness or degree
of updating. The data quality dimensions used in this work concern only data
values; instead, they do not deal with aspects concerning quality of logical schema
and data format [6].

In this section, we propose some data quality dimensions to be used in CIS’s.
The need for providing such definitions stems from the lack of a common ref-
erence set of dimensions in the data quality literature [7] and from the pecu-
liarities of CIS’s; we propose four dimensions, inspired by the already proposed
definitions, and stemming from real requirements of CIS’s scenarios that we
experienced [1].

In the following, the general concept of schema element is used, correspond-
ing, for instance, to an entity in an Entity-Relationship schema or to a class in a
Unified Modeling Language diagram. We define: (i) accuracy, (ii) completeness,
(iii) currency, and (iv) internal consistency.

Accuracy. In [6], accuracy refers to the proximity of a value v to a value v’
considered as correct. More specifically:

Accuracy is the distance between v and v’, being v’ the value considered as
correct.

Let us consider the following example: Citizen is a schema element with an
attribute Name, and p is an instance of Citizen. If p.Name has a value v = JHN,
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while v’ = JOHN, this is a case of low accuracy, as JHN is not an admissible value
according to a dictionary of English names.

Accuracy can be checked by comparing data values with reference dictio-
naries (e.g., name dictionaries, address lists, domain related dictionaries such as
product or commercial categories lists). As an example, in the case of values
on string domain, edit distance functions can be used to support such a task
[8]; such functions consider the minimum number of operations on individual
characters needed in order to transform a string into another.

Another interesting definition of accuracy is provided in [7], on the basis
of ontological considerations; in such a case, the difference is between what is
observed in the system state vs. that in the “real world” state. As we are in a
multi-system scenario, we prefer a definition not including the concept of system.

Completeness. Completeness is the degree to which values of a schema element
are present in the schema element instance.

According to such a definition, we can consider: (i) the completeness of an at-
tribute value, as dependent from the fact that the attribute is present or not; (ii)
the completeness of a schema element instance, as dependent from the number
of the attribute values that are present.

A recent work [9] distinguishes other kinds of completeness, namely: schema
completeness, column completeness and population completeness. The measures
of such completeness types can give very useful information for a “general”
assessment of the data completeness of an organization, but, as it will be clarified
in Section 3.3, our focus in this paper is on associating a quality evaluation on
“each” data a cooperating organization makes available to the others.

In evaluating completeness, it is important to consider the meaning of null
values of an attribute, depending on the attribute being mandatory, optional, or
inapplicable: a null value for a mandatory attribute is associated with a lower
completeness, whereas completeness is not affected by optional or inapplicable
null values.

As an example, consider the attribute E-mail of the Citizen schema element;
a null value for E-mail may have different meanings, that is (i) the specific citizen
has no e-mail address, and therefore the attribute is inapplicable (this case has
no impact on completeness), or (ii) the specific citizen has an e-mail address
which has not been stored (in this case completeness is low).

Currency. The currency dimension refers only to data values that may vary in
time; as an example, values of Address may vary in time, whereas DateOfBirth
can be considered invariant. Currency can be defined as:

Currency is the distance between the instant when a value changes in the real
world and the instant when the value itself is modified in the information system.

More complex definitions of currency have been proposed in the literature
[10]; they are especially suited for specific types of data, i.e, they take into
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account elements such as “volatility” of data (e.g., data such as stock price
quotes that change very frequently). However, in this work, we stay with the
provided general definition of currency, leaving its extensions to future work.

Currency can be measured either by associating to each value an “updating
time-stamp” [11] or a “transaction time” in temporal databases [12].

Internal Consistency. Consistency implies that two or more values do not
conflict each other. Internal consistency means that all values being compared in
order to evaluate consistency are within a specific instance of a schema element.

A semantic rule is a constraint that must hold among values of attributes of
a schema element, depending on the application domain modeled by the schema
element. Then, internal consistency can be defined as:

Internal Consistency is the degree to which the values of the attributes of an
instance of a schema element satisfy the specific set of semantic rules defined on
the schema element.

As an example, if we consider Citizen with attributes Name, DateOfBirth,
Sex and DateOfDeath, some possible semantic rules to be checked are:

– the values of Name and Sex for an instance p are consistent. If p.Name has
a value v = JOHN and the value of p.Sex is FEMALE, this is a case of low
internal consistency;

– the value of p.DateOfBirth must precede the value of p.DateOfDeath.

Internal consistency has been widely investigated both in the database area
through integrity constraints (e.g., [13]) and in the statistics area, through edits
checking (e.g., [14]).

3.2 Data Model

The D2Q model is inspired by the data model underlying XML-QL [15]. A
database view of XML is adopted: an XML Document is a set of data items, and
a Document Type Definition (DTD) is the schema of such data items, consisting
of data and quality classes. In particular, a D2Q XML document contains both
application data, in the form of a D2Q data graph, and the related data quality
values, in the form of four D2Q quality graphs, one for each quality dimension
introduced in Section 3.1. Specifically, nodes of the D2Q data graph are linked
to the corresponding ones of the D2Q quality graphs through links, as shown in
Figure 2. Organizations in the CIS exchange each other data and quality data
as D2Q XML documents.

A D2Q XML document corresponds to a set of conceptual data items, which
are instances of conceptual schema elements; schema elements are data and
quality classes, and instances are data and quality objects. Data classes and
objects are straightforwardly represented as D2Q data graphs, as detailed in the
following of this section, and quality classes and objects are represented as D2Q
quality graphs, as detailed in Section 3.3.
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Fig. 2. The generic structure of a D2Q XML document

As a running example, consider the document citizens.xml, shown in Fig-
ure 3, which contains entries about citizens with the associated quality data.
Such a document corresponds to a set of conceptual data items, which are in-
stances of conceptual schema elements; schema elements are data and quality
classes, and instances are data and quality objects. Specifically, an instance of
Citizen and the related Accuracy values are depicted.

A data class δ (π1, . . . , πn) consists of:

– a name δ;
– a set of properties πi = < namei : typei >, i = 1 . . . n, n ≥ 1, where
namei is the name of the property πi and typei can be:

• either a basic type2;
• or a data class;
• or a type set-of < X >, where < X > can be either a basic type or a

data class.

We define a D2Q data graph as follows:

A D2Q data graph G is a graph with the following features:

– a set of nodes N ; each node (i) is identified by an object identifier and (ii)
is the source of 4 different links to quality objects, each one for a different

2 Basic types are the ones provided by the most common programming languages and
SQL, that is Integer, Real, Boolean, String, Date, Time, Interval, Currency, Any.
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<Citizens>
<Citizen Accuracy="o00" ... >

<Name Accuracy="o01" ... >Maria</Name>
<Surname Accuracy="o02" ... >Rossi</Surname>
<ResidenceAddress Accuracy="o03" ... >

<Street Accuracy="o04" ... >
Via Salaria 113

</Street>
<City Accuracy="o05" ... >Roma</City>
<ZIPCode Accuracy="o06" ... >

00198
</ZIPCode>
<Country Accuracy="o07" ... >

Italy
</Country>

</ResidenceAddress>
<TelephoneNumber Accuracy="o08" ... >

+390649918479
</TelephoneNumber>
<TelephoneNumber Accuracy="o09" ... >

+393391234567
</TelephoneNumber>

</Citizen>
<Accuracy Citizen OID="o00">

<Accuracy Name OID="o01">
0.7

</Accuracy Name>
<Accuracy Surname OID="o02">

0.7
</Accuracy Surname>
<Accuracy ResidenceAddress OID="o03">

<Accuracy Street OID="o04">
0.3

</Accuracy Street>
<Accuracy CityName OID="o05">

0.9
</Accuracy CityName>
<Accuracy ZIPCode OID="o06">

0.9
</Accuracy ZIPCode>
<Accuracy Country OID="o07">

0.9
</Accuracy Country>

</Accuracy ResidenceAddress>
<Accuracy TelephoneNumber OID="o08">

0.5
</Accuracy TelephoneNumber>
<Accuracy TelephoneNumber OID="o09">

0.2
</Accuracy TelephoneNumber>

</Accuracy Citizen>
... ...

</Citizens>

Fig. 3. The XML document of the running example

quality dimension. A link is a pair attribute-value, in which attribute repre-
sents the specific quality dimension for the element tag and value is an IDREF
link3;

3 The use of links will be further explained in Section 3.3, when quality graphs are
introduced.
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– a set of edges E ⊂ N ×N ; each edge is labeled by a string, which represents
an element tag of an XML document;

– a single root node R;
– a set of leaves; leaves are nodes that (i) are not identified and (ii) are labeled

by strings, which represent element tag values, i.e., the values of the element
tags labeling edges to them.

Data class instances can be represented as D2Q data graphs, according to
the following rules.

Let δ (π1, . . . , πn) be a data class with n properties, and let O be a data object,
i.e., an instance of the data class. Such an instance is represented by a D2Q
data graph G as follows:

– The root R of G is labeled with the object identifier of the instance O.
– For each πi = < namei : typei > the following rules hold:
• if typei is a basic type, then R is connected to a leaf lvi by the edge
< R, lvi >; the edge is labeled with namei and the leaf lvi is labeled
with the property value O.namei;

• if typei is a data class, then R is connected to the D2Q data graph
which represents the property value O′ = O.namei by an edge labeled
with namei;

• if typei is a set-of < X >, then:
∗ let C be the cardinality of O.namei; R is connected to C elements as

it follows: if (i) < X > is a basic type, then the elements are leaves
(each of them labeled with a property value of the set); otherwise if
(ii) < X > is a data class, then the elements are D2Q data graphs,
each of them representing a data object of the set;
∗ edges connecting the root to the elements are all labeled with namei.

In Figure 4, the D2Q data graph of the running example is shown: an
object instance Maria Rossi of the data class Citizen is considered. The
data class has Name and Surname as properties of basic types, a property of
type set-of < TelephoneNumber > and another property of data class type
ResidenceAddress; the data class ResidenceAddress has all properties of ba-
sic types.

3.3 Quality Model

So far the data portion of the D2Q model has been described. However, or-
ganizations export XML documents containing not only data objects, but also
quality data concerning the four dimensions introduced in Section 3.1.

The assumption that each organization is able and is willing to export qual-
ity values is motivated by the cooperative scenarios that we experienced; as an
example, in a recent Italian e-Government project concerning toponymic data,
each organization participating in the project has to export quality values (cal-
culated on the basis of statistical considerations). In our architecture, a specific
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Fig. 4. The D2Q data graph of the running example

element, i.e., the Quality Factory, is in charge of providing such values; the de-
sign of such an element is out of the scope of this paper, and has been addressed
in [16].

Quality data are represented as graphs, too; they correspond to a set of
conceptual quality data items, which are instances of conceptual quality schema
elements; quality schema elements are referred to as quality classes and instances
as quality objects. A quality class models a specific quality dimension for a specific
data class: the property values of a quality object represent the quality dimension
values of the property values of a data object. Therefore, each data object (i.e.,
node) and value (i.e., leaf) of a D2Q data graph is linked to respectively four
quality objects and values.

Let δ (π1, . . . , πn) be a data class. A quality class δD (πD
1 , . . . , πD

n ) consists
of:

– a name δD, with D ∈ { Accuracy, Completeness, Currency,
InternalConsistency };

– a set of tuples πD
i = < nameD

i : typeD
i >, i = 1 . . . n, n ≥ 1,

where:

– δD is associated to δ by a one-to-one relationship and corresponds to the
quality dimension D evaluated for δ;

– πD
i is associated to πi of δ by a one-to-one relationship, and corresponds to

the quality dimension D evaluated for πi;
– typeD

i is either a basic type or a quality class or a set-of type, according to
the structure of the data class δ.

In order to represent quality objects, we define aD2Q quality graph as follows:

A D2Q quality graph GD is a D2Q data graph with the following additional
features:
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– no node nor leaf is linked to any other element;
– labels of edges are strings of the form D name (e.g., Accuracy Citizen);
– labels of leaves are strings representing quality values;
– leaves are identified by object identifiers.

A quality class instance can be straightforwardly represented as a D2Q qual-
ity graph, on the basis on rules analogous to the ones previously presented for
data objects and D2Q data graphs. As an example, in Figure 5, the D2Q qual-
ity graph concerning accuracy of the running example is shown, and links are
highlighted; for instance, the accuracy of Maria is 0.7.
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Fig. 5. The accuracy D2Q quality graph of the running example

Data and quality data are exchanged as D2Q XML documents in the CIS.
Specifically, for each data class instance there is a D2Q data graph linked to
four D2Q quality graphs, expressing the quality of the data objects for each
dimension introduced in Section 3.1.

Let { O1, . . . , Om } be a set of m objects which are instances of the same data
class δ; a D2Q XML document is a graph consisting of:

– a root node ROOT ;
– m D2Q data graph Gi, i = 1 . . .m, each of them representing the data objects
Oi;

– 4 ∗ m D2Q quality graph GD
i , i = 1 . . .m, each of them representing the

quality graph related to Oi concerning the quality dimension D;
– ROOT is connected to the m D2Q data graphs by edges labeled with the

name of the data class, i.e., δ;
– for each quality dimension D, ROOT is connected to the m D2Q quality

graph GD
i by edges labeled with the name of the quality class, i.e., δD.

The model proposed in this work adopts several graphs instead of embedding
metadata within the data graph. Such a decision increases the document size,
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but on the other hand allows a modular and “fit-for-all” design: (i) extending
the model to new dimensions is straightforward, as it requires to define the
new dimension quality graph, and (ii) specific applications, requiring only some
dimension values, will adopt only the appropriate subset of the graphs.

4 The Data Quality Broker

The Data Quality Broker (DQB) is the core component of the architecture. It is
implemented as a peer-to-peer distributed service: each organization hosts a copy
of the Data Quality Broker that interacts with other copies. We first provide an
overview of the high-level behavior of the Data Quality Broker in Sections 4.1
and 4.2; then, in Sections 4.3 and 4.4, we explain the details of its design and
implementation.

4.1 Overview

The general task of the Data Quality Broker is to allow users to select data in
the CIS according to their quality. Specifically, a user inside an organization can
issue a query on a D2Q global schema, specifying constraints on quality values.
Then, the Data Quality Broker selects, among all the copies of the requested
data that are in the CIS, only those satisfying all specified constraints.

Quality constraints can be related to quality of data and/or quality of service
(QoS). Specifically, besides the four data quality dimensions previously intro-
duced, two QoS dimensions are defined, namely: (i) responsiveness, defined by
the average round-trip delay evaluated by each organization periodically pinging
gateway in the CIS; and (ii) availability of a source, evaluated by pinging a gate-
way and considering if a timeout expires; in such a case the source is considered
not available for being currently queried.

A user can request data with a specified quality (e.g., “return citizens with
accuracy greater than 0.7”) or declare a limit on the query processing time,
restricting the query only to available sources (e.g., “return only citizens from
the first responding source”) or include both kinds of constraints (e.g., “return
citizens with accuracy greater than 0.7 provided by the first responding source”).

The Data Quality Broker performs two specific tasks:

– query processing and
– quality improvement.

The semantics of query processing is described in Section 4.2, and its real-
ization is detailed in Section 4.3. The quality improvement feature consists of
notifying organizations with low quality data about higher quality data that
are available in the CIS. This step is enacted each time copies of the same data
with different quality are collected during the query processing activity. The best
quality copy is sent to all organizations having lower quality copies. Organiza-
tions involved in the query have the choice of updating or not their data. This
gives a non-invasive feedback that allows to enhance the overall quality of data
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in the CIS, while preserving organizations’ autonomy. The details of how the
improvement feature is realized are provided in Section 4.3.

4.2 Query Processing

The Data Quality Broker performs query processing according to a global-as-
view (GAV) approach, by unfolding queries posed over a global schema, i.e.,
replacing each atom of the original query with the corresponding view on local
data sources [17,2]. Both the global schema and local schemas exported by coop-
erating organizations are expressed according to the D2Q model. The adopted
query language is XQuery [18]. The unfolding of an XQuery query issued on the
global schema can be performed on the basis of well-defined mappings with local
sources. Details concerning such a mapping are beyond the scope of this paper
(details can be found in [19]).

Under our hypothesis, data sources have different copies of the same data at
different quality levels, i.e., there are instance-level conflicts. We resolve these
conflicts at query execution time by relying on quality values associated to data:
when a set of different copies of the same data are returned, we look at the
associated quality values, and select the copy to return as a result on the basis
of such values. In [20] a technique with a query processing semantics similar to
the one we propose can be found; the main difference of that work with respect
to our approach is that we have quality metadata associated to data that allows
us to resolve conflicts; instead, in [20] conflict resolution functions are explicitly
provided.

Specifically, the detailed steps we follow to answer a query with quality con-
straints are:

1. let Q be a query posed on the the global schema G;
2. The query Q is unfolded according to the static mapping that defines each

concept of the global schema in terms of the local sources; such a mapping
is defined in order to retrieve all copies of same data that are available in
the CIS. Therefore, the query Q is decomposed in Q1, . . . ,Qn queries to be
posed over local sources;

3. The execution of the queries Q1, . . . ,Qn returns a set of results R1, . . . ,Rn.
On such a set the following property is checked: given Ri and Rj , Ri is
extensionally correspondent to Rj , iff for each tuple t in Ri, a tuple t’ exists
in Rj , such that t and t’ are related to a same object but have inconsistent
values. Similarly, for each tuple t’ in Rj , a tuple t in Ri should exist that
refers to the same object. This step is performed by using a well-known
algorithm for record matching [21].

4. On the basis of quality constraints specified in the query, a (set of) admissible
results is constructed, selecting all Ri satisfying the quality constraints.

The global schema and the local schemas exported by organizations have
similar structural properties, in order to compare the values of the quality de-
scriptors of the respective data items. Wrappers in each organization (see Section
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4.3) are in charge of the translation and transformation between local schemas
and internal database schemas.

If data graphs are re-structured (for data integration purposes, e.g., when
a new organization adheres to the CIS), the data quality graphs must be re-
structured as well. In general, a GAV approach imposes some constraints on the
opportunity of frequently restructuring the global schema. In the cooperative
scenarios that we experienced [1], such constraints are not critical, as the CIS is
built for including the most of organizations (i.e., public administrations) since
the beginning, and the entrance of a new organization in the cooperative system
is very rare (indeed, the creation of the CIS and the participating administrations
are regulated by laws, Government directives, etc.).

4.3 Internal Architecture and Deployment

In this section we detail the design of the Data Quality Broker, by considering
its interaction modes and its constituting modules; then, an example of query
processing execution is shown.

The Data Quality Broker can operate either in pessimistic or in optimistic
mode. In the former, the broker accesses all sources that provide data satisfying
the query and builds the result, whereas in the latter the broker accesses only
those organizations that probably will provide good quality data. Such informa-
tion can be derived on the basis of statistics on quality values. In the optimistic
mode, the broker does not contact all sources and does not have to wait for
all responses; however, this optimization can lead to non accurate results. Con-
versely, in the pessimistic mode, all sources are always contacted; it takes more
time to retrieve the final result, but it is always the most accurate one.

Figure 6 shows the sequence of operations performed in each of the two
modes: in pessimistic mode (Figure 6(a)), all organizations storing data satisfy-
ing a query are queried and all results have to be waited for before proceeding.
After results are retrieved, a comparison phase is required to choose the best
data. In optimistic mode (Figure 6(b)) only the organization Orgj that has the
best overall statistical quality evaluation is involved in the query and no com-
parison is required.

Clients of the broker can invoke one of the following operations:
(i) invoke(query, mode), for submitting a query Q over the global schema
including quality constraints, and (ii) propose(data), for notifying all sources,
that have previously sent data with lower quality than the selected one, with
higher quality results. Indeed each time a query is posed, different copies of
same data are received as answers; the broker submits to organizations the best
quality copy R selected among the received ones.

Internally the Data Quality Broker is composed of five interacting modules
(Figure 7). The Data Quality Broker is deployed as a peer-to-peer service: each
organization hosts an independent copy of the broker and the overall service
is realized through an interaction among the various copies, performed via the
Transport Engine module. The modules Query Engine, Transport Engine and
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Fig. 6. Broker invocation modes

Schema Mapper are general and can be installed without modifications in each
organization. The module Wrapper has to be customized for the specific data
storage system. The module Comparator can also be customized to implement
different criteria for quality comparison.

Query Engine (QE): it receives the query and splits the query in sub-queries
(local to the sources) by interacting with the Schema Mapper (which manages
the mapping between the global schema and the local schemas). Then, the QE
also interacts with the TE in order to: (i) send local queries to other copies of
the QE and receive the answers; (ii) be notified about QoS parameters to be
used for optimization.

Wrapper (Wr): translates the query from the language used by the broker to the
one of the specific data source. In this work the wrapper is a read-only access
module, that is it returns data stored inside organizations without updating
them.

Transport Engine (TE): it provides general connectivity among all Data Quality
Broker instances in the CIS. Copies of the TE interact with each other in two
different scenarios, corresponding to two different interaction types:

– Query execution (request/reply interaction): the requesting TE sends a
query to the local TE of the target data source and remains blocked waiting
for the result. A request is always synchronous but it can be always stopped
from the outside, for example when the QE decides to block the execution
of a query to enforce QoS constraints. In this case, the results are discarded.

– Quality feedback (asynchronous interaction): when a requesting QE has se-
lected the best quality result of a query, it contacts the local TE’s to enact
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quality feedback propagation. The propose() operation is executed as a call-
back on each organization, with the best quality selected data as a parameter.
The propose() can be differently implemented by each organization: a re-
mote TE simply invokes this operation, whose behaviour depends from the
strategy that an organization chooses for the improvement of its own data
on the basis of external notifications.

The other function performed by the TE is the evaluation of the QoS parame-
ters. This feature is encapsulated into the TE as it can be easily implemented
exploiting TE’s communication capabilities. Specifically, the TE periodically
pings data sources in order to calculate responsiveness. Moreover, the timeout
value necessary to calculate the availability QoS parameter is configured in the
TE.

Schema Mapper (SM): stores the static mappings between the global schema
and the local schemas of the various data sources.

Comparator (CMP ): compares the quality values returned by the different
sources to choose the best one. CMP compares quality value vectors accord-
ing to ranking methods known in literature, such as Simple Additive Weighting
(SAW) [22] or Analytical Hierarchy Process (AHP) [23]

As an example, we give details of pessimistic mode query invocations, by
describing the interaction among peer Data Quality Broker instances and among
modules inside each Data Quality Broker when a query with quality requirements
is submitted by a client.

After receiving the query, the QE (local to the client) interacts with the SM
and generates a set of sub-queries, which in turn are sent through the local TE
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to all TE’s of the involved organizations. All TE’s transfer the query to local
QE’s that execute local queries by interacting with local Wr’s. Query results
are passed back to the local TE that passes all results to the local QE. This
module selects the best quality result through the CMP and passes it to the
client. Once the best quality data is selected the feedback process starts.

This process involves all sources that have previously sent data with lower
quality than the selected one; each source may adopt the proposed data (up-
dating its local data store) or not. Indeed criteria to decide whether updating
the local data store with the feedback data may vary from one organization to
another; such criteria can be set by providing proper implementations of the
propose().

Figure 8 depicts an invocation by a client of the organization Org1, specifi-
cally the invoke(‘‘Select Mecella from Citizen with accuracy ≥ 0.7’’,
PESSIMISTIC). For the sake of clarity, only involved modules are depicted.

The sequence of actions performed during the query invocation is described
in the following. We indicate with a subscript the specific instance of a module
belonging to a particular organization: for example, QEi indicates the Query
Engine of organization Orgi.

1. QE1 receives the query Q posed on the global schema, as a parameter of the
invoke() function;

2. QE1 retrieves the mapping with local sources from SM1;
3. QE1 performs the unfolding that returns queries for Org2 and Org3 that are

passed to TE1;
4. TE1 sends the request to Org2 and Org3;
5. The recipient TE’s pass the request to the Wr’s modules. Each Wr accesses

the local data store to retrieve data;
6. Wr3 retrieves a query result, e.g., Ra with accuracy 0.7, and Wr2 retrieves

another query result Rb with accuracy 0.9 ;
7. Each TE sends the result to TE1;
8. TE1 sends the collected results (Ra,Rb) toQE1.QE1 selects through CMP1

the result with the greatest accuracy, i.e., Org2’s result (Rb with accuracy
0.9 );

9. QE1 sends the selected result to the client;
10. QE1 starts the feedback process sending the selected result (Rb with accuracy

0.9 ) to TE1;
11. TE1 sends it to Org3;
12. TE3 receives the feedback data and makes a call propose(Rb with accuracy

0.9).

4.4 Implementation

We have developed a prototype of the broker [19,24], implementing the pes-
simistic query invocation mode. In our prototype, the Data Quality Broker is
realized as a Web Service [25], deployed on all the organizations. A Web Service-
based solution is suitable for integrating heterogeneous organizations as it allows
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Fig. 8. Details of query invocation in the pessimistic mode

to deploy the Data Quality Broker on the Internet, regardless from the access
limitations imposed by firewalls, interoperability issues, etc. Moreover, by ex-
ploiting standard Web Service technologies, the technological integration among
different organizations is straightforward; specifically, we tested interoperability
among different versions of the Data Quality Broker, realized using respectively
the JAX-RPC4 framework and the .NET one5.

4 http://java.sun.com/xml/jaxrpc/
5 http://msdn.microsoft.com/netframework/
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As we discussed above, the component responsible for the communication
between the Data Quality Broker instances is the Transport Engine. Besides
the operations previously described (i.e., propose() and invoke()), it exposes
also the ping() operation, which is used to estimate the query responsiveness.
Such operations are invoked through standard SOAP messages sent over HTTP;
specifically, invocations to multiple Transport Engines are performed in paral-
lel. Remote invocations to the invoke() operation require the client Transport
Engine to wait for all results.

If we assume that Data Quality Broker instances are subject to faults this
can cause the client to wait indefinitely for responses from faulty instances. From
the distributed system theory stems that in communication systems, such as the
Internet, where delays on message transfer cannot be predicted, it is impossible
to distinguish a faulty software component from a very slow one [26,27]. Then,
the client Transport Engine sets a timeout for each invoked source. The timeout
value is estimated for each single source on the basis of its responsiveness. After
the timeout expires, no result is returned for that query. This is a best-effort
semantics that does not guarantee to always return the best quality value but
rather enforces the correct termination of each query invocation. Replication
techniques can be exploited in order to enhance the availability of each web
service, ensuring more accurate results even in presence of faults [28].

5 Related Work

Data Quality has been traditionally investigated in the context of single infor-
mation systems. Only recently, there is a growing attention towards data quality
issues in the context of multiple and heterogeneous information systems [29,30,
31].

In cooperative scenarios, the main data quality issues regard [30]: (i) as-
sessment of the quality of the data owned by each organization; (ii) methods
and techniques for exchanging quality information; (iii) improvement of quality
within each cooperating organization; and (iv) heterogeneity, due to the presence
of different organizations, in general with different data semantics.

For the assessment (i) issue, some of the results already achieved for tradi-
tional systems can be borrowed, e.g., [32,33].

Methods and techniques for exchanging quality information (ii) have been
only partially addressed in the literature. In [29], an algorithm to perform query
planning based on the evaluation of data sources’ quality, specific queries’ quality
and query results’ quality is described. The approach of [29] is different from
our approach mainly because we assume to have quality metadata associated
to each quality value: this gives us the possibility of more accurate answers in
selecting data on the basis of quality. Specifically, the granularity of quality data
in our framework is finer than the one proposed in [29], as our framework is also
targeted to improvement actions.

When considering the issue of exchanging data and the associated quality, a
model to export both data and quality data needs to be defined. Some concep-



228 M. Mecella et al.

tual models to associate quality information to data have been proposed that
include an extension of the Entity-Relationship model [34], and a data warehouse
conceptual model with quality features described through the Description Logic
formalism [33]. Both models are thought for a specific purpose: the former to
introduce quality elements in relational database design; the latter to introduce
quality elements in the data warehouse design. Whereas, in the present paper
the aim is to enable quality exchanging in a generic CIS, independently of the
specific data model and system architecture. Moreover, previous models are not
well suited for semi-structured data.

Our work is similar to the extensions of the relational model described in
[35], chapters 2 and 3; in particular, the attribute-based model can be consid-
ered as a possible mechanism for effectively storing data and quality data inside
organizations (by assuming that back-end systems are on relational database),
to be then converted and exported as D2Q documents.

In [36], the problem of the quality of web-available information has been
faced in order to select data with high quality coming from distinct sources:
every source has to evaluate some pre-defined data quality parameters, and to
make their values available through the exposition of metadata. Our proposal is
different as we propose an ad-hoc service that brokers data requests and replies
on the basis of data quality information. Moreover, we also take into account
improvement features (iii) that are not considered in [36].

The heterogeneity (iv) issues are taken into account by data integration
works. Data integration is the problem of combining data residing at differ-
ent sources, and providing the user with a unified view of these data [2]. As
described in [20], when performing data integration two different types of con-
flicts may arise: semantic conflicts, due to heterogeneous source models, and
instance-level conflicts, due to what happens when sources record inconsistent
values on the same objects. The Data Quality Broker described in this paper is
a system solving instance-level conflicts.

Other notable examples of data integration systems within the same cate-
gory are AURORA [20] and the system described in [37]. AURORA supports
conflict tolerant queries, i.e. it provides a dynamic mechanism to resolve conflicts
by means of defined conflict resolution functions. The system described in [37]
describes how to solve both semantic and instance-level conflicts. The proposed
solution is based on a multidatabase query language, called FraQL, which is an
extension of SQL with conflict resolution mechanisms. Similarly to both such
systems, the Data Quality Broker supports dynamic conflict resolution, but dif-
ferently from them the Data Quality Broker relies onto quality metadata for
solving instance-level conflicts.

A system that also takes into account metadata (i.e., not necessarily and
specifically regarding quality of data) for instance-level conflict resolution is de-
scribed in [38]; such a system adopts the ideas of the COIN framework [39]:
context dependent and independent conflicts are distinguished and accordingly
to this very specific direction, conversion rules are discovered on pairs of systems.
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Moreover, differently from the COIN prototype, the Data Quality Broker is not
a centralized system, but it is based on a distributed architecture.

6 Conclusions and Future Work

Managing data quality in CIS’s merges issues from many research areas of com-
puter science such as databases, software engineering, distributed computing,
security, and information systems. This implies that the proposal of integrated
solutions is very challenging. In this paper, an overall architecture to support
data quality management in CIS’s has been proposed. The specific contribution
of the paper are (i) a model for data and quality data exported by cooperating
organizations, and (ii) the design of a service for querying and improving quality
data and.

Up to now, the pessimistic mode of the Data Quality Broker has been im-
plemented. We plan to investigate in future work the research issues described
throughout the paper concerning the optimistic invocation mode. We are cur-
rently investigating techniques for query optimization based on both data quality
parameters and QoS parameters. The optimization based on data quality param-
eters can be performed on the basis of statistics on quality values. As an example,
statistic values could be calculated on current data exported by organizations
(e.g., “the medium accuracy of citizens currently provided by organization A
is high”). As another example, statistic values could be calculated on the basis
of past performances of organizations in providing good quality data (e.g., “the
accuracy of citizens provided by organization A in the last N queries is high
”). In such a way, the number of possible query answers is reduced by elimi-
nating those that may not be conform to quality requirements according to the
statistical evaluation.

The complete development of a framework for data quality management in
CIS’s requires the solution of further issues. An important aspect concerns the
techniques to be used for quality dimension measurement. In both statistical
and machine learning areas, some techniques could be usefully integrated in the
proposed architecture. The general idea is to give to each data value a quality
evaluation with a certain estimated probability, instead of a deterministic quality
evaluation. In this way, the task of assigning quality values to each data value
could be considerably simplified.
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