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Preface

The discipline of formal concept analysis (FCA) is concerned with the formal-
ization of concepts and conceptual thinking. Built on the solid foundation of
lattice and order theory, FCA is first and foremost a mathematical discipline.
However, its motivation and guiding principles are based on strong philosophical
underpinnings. In practice, FCA provides a powerful framework for the quali-
tative, formal analysis of data, as demonstrated by numerous applications in
diverse areas. Likewise, it emphasizes the aspect of human-centered information
processing by employing visualization techniques capable of revealing inherent
structure in data in an intuitively graspable way. FCA thereby contributes to
structuring and navigating the ever-growing amount of information available in
our evolving information society and supports the process of turning data into
information and ultimately into knowledge.

In response to an expanding FCA community, the International Conference
on Formal Concept Analysis (ICFCA) was established to provide an annual
opportunity for the exchange of ideas. Previous ICFCA conferences were held
in Darmstadt (2003), Sydney (2004), Lens (2005), Dresden (2006), Clermont-
Ferrand (2007), as well as Montreal (2008) and are evidence of vivid ongoing
interest and activities in FCA theory and applications.

ICFCA 2009 took place during May 21-24 at the University of Applied Sci-
ences in Darmstadt. Beyond serving as a host of the very first ICFCA in 2003,
Darmstadt can be seen as the birthplace of FCA itself, where this discipline
was introduced in the early 1980s and elaborated over the subsequent decades.
On this occasion, we were very delighted to include a reprint of Rudolf Wille’s
seminal paper on formal concept analysis to make it easily available for our
community.

Out of 29 submitted papers, 15 were accepted for publication in this volume
amounting to an acceptance rate of 52%. Less mature works which were still
considered valuable contributions for discussion were collected in a supplemen-
tary volume, published as “Contributions to ICFCA 2009” by Verlag Allgemeine
Wissenschaft (ISBN 3-935924-08-9).

Clearly, the overall process of assembling a high-quality conference program
would not have been possible without the much-appreciated help of the Program
Committee members, external reviewers, and members of the Editorial Board.
Finally, but most notably, we wish to thank the Conference Chair, Karl Erich
Wolff. In collaboration with the Local Chair, Urs Andelfinger, and the local
organization team, he realized a smoothly-run conference with a pleasant and
friendly atmosphere. Our warmest thanks for our hosts’ hospitality.

May 2009 Sébastien Ferré
Sebastian Rudolph
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Usability Issues in
Description Logic Knowledge Base Completion

Franz Baader and Barig Sertkaya*

TU Dresden, Germany
{baader,sertkaya}@tcs.inf.tu-dresden.de

Abstract. In a previous paper, we have introduced an approach for ex-
tending both the terminological and the assertional part of a Description
Logic knowledge base by using information provided by the assertional
part and by a domain expert. This approach, called knowledge base com-
pletion, was based on an extension of attribute exploration to the case
of partial contexts. The present paper recalls this approach, and then
addresses usability issues that came up during first experiments with
a preliminary implementation of the completion algorithm. It turns out
that these issues can be addressed by extending the exploration algorithm
for partial contexts such that it can deal with implicational background
knowledge.

1 Introduction

Description Logics (DLs) [I] are a successful family of logic-based knowledge
representation formalisms, which can be used to represent the conceptual knowl-
edge of an application domain in a structured and formally well-understood way.
They are employed in various application domains, such as natural language
processing, configuration, databases, and bio-medical ontologies, but their most
notable success so far is due to the fact that DLs provide the logical under-
pinning of OWL, the standard ontology language for the semantic web [20]. As
a consequence of this standardization, several ontology editors support OWL
[1912212327], and ontologies written in OWL are employed in more and more
applications. As the size of these ontologies grows, tools that support improv-
ing their quality become more important. The tools available until now use DL
reasoning to detect inconsistencies and to infer consequences, i.e., implicit knowl-
edge that can be deduced from the explicitly represented knowledge. There are
also promising approaches that allow to pinpoint the reasons for inconsistencies
and for certain consequences, and that help the ontology engineer to resolve
inconsistencies and to remove unwanted consequences [6I7/21124)32]. These ap-
proaches address the quality dimension of soundness of an ontology, both within
itself (consistency) and w.r.t. the intended application domain (no unwanted con-
sequences). Here, we are concerned with a different quality dimension, namely
completeness of the ontology w.r.t. to the intended application domain. In [5],

* Supported by the German Research Foundation (DFG) under grant BA 1122/12-1.

S. Ferré and S. Rudolph (Eds.): ICFCA 2009, LNAI 5548, pp. 1{21] 2009.
© Springer-Verlag Berlin Heidelberg 2009



2 F. Baader and B. Sertkaya

we have provided a basis for formally well-founded techniques and tools that
support the ontology engineer in checking whether an ontology contains all the
relevant information about the application domain, and in extending the on-
tology appropriately if this is not the case. In the present paper, we give an
overview over this approach, and then describe how the general framework must
be extended such that it becomes easier to use for a domain expert. But first,
let us introduce the problem of knowledge base completion, and our approach
for solving it, in a bit more detail.

A DL knowledge base (nowadays often called ontology) usually consists of two
parts, the terminological part (TBox), which defines concepts and also states
additional constraints (so-called general concept inclusions, GCIs) on the inter-
pretation of these concepts, and the assertional part (ABox), which describes
individuals and their relationship to each other and to concepts. Given an appli-
cation domain and a DL knowledge base (KB) describing it, we can ask whether
the KB contains all the “relevant” information] about the domain:

— Are all the relevant constraints that hold between concepts in the domain
captured by the TBox?

— Are all the relevant individuals existing in the domain represented in the
ABox?

As an example, consider the OWL ontology for human protein phosphatases
that has been described and used in [37]. This ontology was developed based on
information from peer-reviewed publications. The human protein phosphatase
family has been well characterized experimentally, and detailed knowledge about
different classes of such proteins is available. This knowledge is represented in the
terminological part of the ontology. Moreover, a large set of human phosphatases
has been identified and documented by expert biologists. These are described as
individuals in the assertional part of the ontology. One can now ask whether the
information about protein phosphatases contained in this ontology is complete.
Are all the relationships that hold among the introduced classes of phosphatases
captured by the constraints in the TBox, or are there relationships that hold
in the domain, but do not follow from the TBox? Are all possible kinds of
human protein phosphatases represented by individuals in the ABox, or are
there phosphatases that have not yet been included in the ontology or even not
yet been identified?

Such questions cannot be answered by an automated tool alone. Clearly, to
check whether a given relationship between concepts—which does not follow
from the TBox—holds in the domain, one needs to ask a domain expert, and
the same is true for questions regarding the existence of individuals not described
in the ABox. The roéle of the automated tool is to ensure that the expert is asked
as few questions as possible; in particular, she should not be asked trivial ques-
tions, i.e., questions that could actually be answered based on the represented
knowledge. In the above example, answering a non-trivial question regarding

! The notion of “relevant information” must, of course, be formalized appropriately
for this problem to be addressed algorithmically.
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human protein phosphatases may require the biologist to study the relevant lit-
erature, query existing protein databases, or even to carry out new experiments.
Thus, the expert may be prompted to acquire new biological knowledge.

Attribute exploration [I1] is an approach developed in Formal Concept Anal-
ysis (FCA) [I4] that can be used to acquire knowledge about an application
domain by querying an expert. One of the earliest applications of this approach
is described in [29/36], where the domain is lattice theory, and the goal of the
exploration process is to find, on the one hand, all valid relationships between
properties of lattices (like being distributive), and, on the other hand, to find
counterexamples to all the relationships that do not hold. To answer a query
whether a certain relationship holds, the lattice theory expert must either con-
firm the relationship (by using results from the literature or carrying out a new
proof for this fact), or give a counterexample (again, by either finding one in the
literature or constructing a new one).

Although this sounds very similar to what is needed in our context, we could
not directly use this approach in [5]. The main reason for this is the open-world
semantics of description logic knowledge bases. Consider an individual 4 from an
ABox A and a concept C occurring in a TBox 7. If we cannot deduce from the
TBox 7 and A that ¢ is an instance of C, then we do not assume that 7 does
not belong to C. Instead, we only accept this as a consequence if 7 and .4 imply
that ¢ is an instance of =C. Thus, our knowledge about the relationships between
individuals and concepts is incomplete: if 7 and A imply neither C(i) nor =C(3),
then we do not know the relationship between ¢ and C. In contrast, classical
FCA and attribute exploration assume that the knowledge about individuals is
complete: the basic datastructure is that of a formal context, i.e., a crosstable
between individuals and properties. A cross says that the property holds, and
the absence of a cross is interpreted as saying that the property does not hold.
In contrast, in a partial context, a property may be known to hold or not to hold
for an individual, but there is also the third possibility that nothing is known
about the relationship between the individual and this property.

There has been some work on how to extend FCA and attribute exploration
from complete knowledge to the case of such partial knowledge [QITOTTITSI2S].
However, this work is based on assumptions that are different from ours. In
particular, it assumes that the expert cannot answer all queries and, as a conse-
quence, the knowledge obtained after the exploration process may still be incom-
plete and the relationships between concepts that are produced in the end fall
into two categories: relationships that are valid no matter how the incomplete
part of the knowledge is completed, and relationships that are valid only in some
completions of the incomplete part of the knowledge. In contrast, our intention
is to complete the KB, i.e., in the end we want to have complete knowledge
about these relationships. What may be incomplete is the description of individ-
uals used during the exploration process. From the FCA point of view, the main
new result in [5] is the extension of attribute exploration to the case of partial
contexts. This approach is then used to derive an algorithm for completing DL
knowledge bases.
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Before publishing [5], we had implemented a first experimental version of a
tool for completing DL knowledge bases as an extension of the ontology editor
Swoop [22], using the system Pellet as underlying reasoner [33]. A first evaluation
of this tool on the OWL ontology for human protein phosphatases mentioned in
the introduction, with biologists as experts, was quite promising, but also showed
that the tool must be improved in order to be useful in practice. In particular, we
have observed that the experts sometimes make errors when answering queries.
Thus, the tool should support the expert in detecting such errors, and also make
it possible to correct errors without having to restart the exploration process
from scratch. Another usability issue on the wish list of our experts was to allow
the postponement of answering certain queries, while continuing the exploration
process with other queries.

The present paper is a follow-up work to [B], which addresses these usability
issues. In the next section, we give a brief introduction to DLs, and then recall, in
Section Bl the completion approach developed in [5]. For more details, we refer
the reader to that paper as well as to the technical report [4] accompanying
it. In Section [ we address the usability issues mentioned above. From the
FCA point of view, our solution to these problems requires an extension of the
results in [5] to the case of attribute exploration w.r.t. background knowledge and
partial contexts. In Section Bl we describe our implementation of the improved
approach, which is now realized as an OWL plugin to PROTEGE 4 [19], and uses
the incremental reasoning facilities of Pellet [16].

2 Description Logics

In order to represent knowledge about an application domain using Description
Logics (DLs) one usually first defines the relevant concepts of this domain, and
then describes relationships between concepts and relationships between indi-
viduals and concepts in the knowledge base. To construct concepts, one starts
with a set N¢ of concept names (unary predicates) and a set Ng of role names
(binary predicates), and builds complex concept descriptions out of them by
using the concept constructors provided by the particular description language
being used. In addition, a set N; of individual names is used to refer to domain
elements. Table[I] displays commonly used concept constructors. In this table C
and D stand for concept descriptions, r for a role name, and a,b,a1,...,a, for
individual names. In the current paper, we do not fix a specific set of constructors
since our results apply to arbitrary DLs as long as they allow for the constructors
conjunction and negation (see the upper part of Table [I]). For our purposes, a
TBoz is a finite set of general concept inclusions (GClIs), and an ABoz is a finite
set of concept and role assertions (see the lower part of Table ). A knowledge
base (KB) consists of a TBox together with an ABox. As usual, we use C = D
as an abbreviation for the two GCIs C C D and D C C.

The semantics of concept descriptions, TBoxes, and ABoxes is given in terms
of an interpretation T = (A%, 1), where A? (the domain) is a non-empty set,
and -T (the interpretation function) maps each concept name A € N¢ to a set
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Table 1. Syntax and semantics of commonly used constructors

Constructor name Syntax Semantics

negation -C AT\ C*

conjunction cnbD ctnp?

disjunction cubD ctuDp?

existential restriction Ir.C {ze AT |y: (z,y) erf AyeCT}
one-of {a1,...,an} {af,... al}

general concept inclusion C C D c*t cp?

concept assertion C(a) at e C*

role assertion r(a,b) (a®,bF) ert

AT C AT, each role name r € Ng to a binary relation rZ C AT x AZ, and
each individual name a € Ny to an element a? € AZ. Concept descriptions C
are also interpreted as sets CZ C AZ, which are defined inductively, as seen in
the semantics column of Table[Il An interpretation Z is a model of the TBox T
(the ABox A) if it satisfies all its GCIs (assertions) in the sense shown in the
semantics column of the table. In case Z is a model of both 7 and A, it is called
a model of the knowledge base (7,.A).

Given a KB (7,.A), concept descriptions C, D, and an individual name a,
the inference problems subsumption, instance, and consistency are defined as
follows:

— Subsumption: C is subsumed by D w.r.t. T (written C C7 D) if CT C D
holds for all models Z of T

— Instance: a is an instance of C w.r.t. 7 and A (written 7,4 | C(a)) if
a® € 7 holds for all models of (7, .A).

— Consistency: the knowledge base (7, .A) is consistent if it has a model.

For most DLs, these problems are decidable, and there exist highly optimized
DL reasoners such as FaCT++ [35], RACERPRO [15], Pellet [33], KAON2 [25],
and HermiT [26], which can solve these problems for very expressive DLs on
large knowledge bases from practical applications.

The following example demonstrates how a DL that has the constructors
conjunction, disjunction, existential restriction, and one-of can be used to model
some simple properties of countries.

Example 1. Assume that our set of concept names N¢ contains the concepts
Country, Ocean, and Sea; the set of role names Ng contains the roles hasBor-
derTo, isMemberOf, and hasOfficialLanguage; and the set of individual names Ny
contains the individuals German, EU, MediterraneanSea, Italy, and Germany. Us-
ing these names, the following TBox defines a coastal country as a country that
has a border to a sea or an ocean; a Mediterranean country as a country that
has border to the MediterraneanSea; a German-speaking country as a country
that has the language German as an official language; and an EU member as a
country that is a member of the EU.
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Teountries := { Coastal = Country M 3hasBorderTo.(Ocean LI Sea)
EUmember = Country M JisMemberOf.{EU}
Mediterranean = Country M JhasBorderTo.{MediterraneanSea}
GermanSpeaking = Country M 3hasOfficialLanguage.{German} }

The following ABox states facts about the countries Italy and Germany, and
about the Mediterranean Sea:

Acountries := {GermanSpeaking(Germany), EUmember(Germany),
Coastal(Germany), Mediterranean(ltaly), Sea(MediterraneanSea)}

3 Partial Contexts, Attribute Exploration, and
Completion of DL Knowledge Bases

In [5], we have extended the classical approach to FCA to the case of objects
that have only a partial description in the sense that, for some attributes, it is
not known whether they are satisfied by the object or not. This was needed due
to the open-world semantics of DL knowledge bases. If an assertion C(a) does
not follow from a knowledge base, then one does not assume that its negation
holds. Thus, if neither C(a) nor =C/(a) follows, then we do not know whether
a has the property C or not. In this section, we first give the basic definitions
for extending FCA to the case of partially described objects, and then introduce
a version of attribute exploration that works in this setting. More details can
be found in [54]. In the following, we assume that we have a finite set M of
attributes and a (possibly infinite) set of objects.

Definition 1. A partial object description (pod) is a tuple (A, S) where A, S C
M are such that ANS = 0. We call such a pod a full object description (fod)
if AUS = M. A set of pods is called a partial context and a set of fods a full
context.

Intuitively, the pod (A4, .S) says that the object it describes satisfies all attributes
from A and does not satisfy any attribute from S. For the attributes not con-
tained in A U S, nothing is known w.r.t. this object. A partial context can be
extended by either adding new pods or by extending existing pods.

Definition 2. We say that the pod (A’,S") extends the pod (A,S), and write
this as (A, S) < (A, S"), if AC A" and S C S'. Similarly, we say that the partial
context K' extends the partial context K, and write this as K < K', if every pod
in K is extended by some pod in K'. If K is a full context and KK < K, then K
is called a realizer of K. If (A, S) is a fod and (A, S) < (A4,S5), then we also say
that (A, S) realizes (A, S).

Next, we introduce the notion of an implication between attributes, which for-
malizes the informal notion “relationship between properties” used in the intro-
duction.



Usability Issues in Description Logic Knowledge Base Completion 7

Definition 3. An implication is of the form L — R where L,R C M. This
implication is refuted by the pod (A,S) if L C A and RN S # (. It is refuted
by the partial context IC if it is refuted by at least one element of IC. The set
of implications that are not refuted by a given partial context K is denoted by
Imp(K). The set of all fods that do not refute a given set of implications L is
denoted by Mod(L).

Obviously, £ < K’ implies that every implication refuted by K is also refuted
by K'. For a set of implications £ and a set P C M, the implicational closure of
P with respect to £, denoted by L£(P), is the smallest subset @ of M such that

— PCQ, and
—L—-ReLand L CQ imply RC Q.

A set P C M is called L-closed if L(P) = P.

Definition 4. The implication L — R is said to follow from a set J of impli-
cations if R C J(L). The set of implications J is called complete for a set of
implications L if every implication in L follows from J. It is called sound for L
if every implication that follows from J is contained in L. A set of implications
J is called a base for a set of implications L if it is both sound and complete
for L, and no strict subset of J satisfies this property.

The following fact is trivial, but turns out to be crucial for our attribute explo-
ration algorithm.

Proposition 1. For a given set P C M and a partial context K, K(P) :=
M\ U{S | (4,S) € K,P C A} is the largest subset of M such that P — K(P)
is not refuted by K.

Attribute Exploration with Partial Contexts

The classical attribute exploration algorithm of FCA [I1/14] assumes that there is
a domain expert that can answer questions regarding the validity of implications
in the application domain. Accordingly, our approach requires an expert that can
decide whether an implication is refuted in the application domain or not. In
contrast to existing work on extending FCA to the case of partial knowledge
[OT7IT8IT0], we do not assume that the expert has only partial knowledge and
thus cannot answer all implication questions.

To be more precise, we consider the following setting. We are given an initial
(possibly empty) partial context I, an initially empty set of implications £, and
a full context I that is a realizer of K. The expert answers implication questions
“L — R?7" w.r.t. the full context IC. More precisely, if the answer is “yes,” then K
does not refute L — R. The implication L — R is then added to £. Otherwise,
the expert extends the current context K such that the extended context refutes
L — R and still has K as a realizer. Consequently, the following invariant will
be satisfied by K, K, L: K <K C Mod(L).

Since KK C Mod (L) implies £ C Imp(K), this invariant ensures that £ is sound
for Imp(KC). Our aim is to enrich K and £ such that eventually £ is also complete
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for Imp(KC), and K refutes all other implications (i.e., all the implications refuted
by K). As in the classical case, we want to do this by asking as few as possible
questions to the expert.

Definition 5. Let £ be a set of implications and KC a partial context. An im-
plication is called undecided w.r.t. IC and L if it neither follows from L nor is
refuted by IC. It is decided w.r.t. KC and L if it is not undecided w.r.t. IC and L.

In principle, our attribute exploration algorithm tries to decide each undecided
implication by either adding it to £ or extending K such that it refutes the
implication. If all implications are decided, then our goal is achieved [4].

Proposition 2. Assume that K < K C Mod(L) and that all implications are
decided w.r.t. I and L. Then L is complete for Imp(K) and K refutes all impli-
cations not belonging to Imp(K).

How can we find—and let the expert decide—all undecided implications without
naively considering all implications? The following proposition motivates why it
is sufficient to consider implications whose left-hand sides are L-closed. It is
an immediate consequence of the fact that £(-) is a closure operator, and thus
idempotent.

Proposition 3. Let L be a set of implications and L — R an implication. Then,
L — R follows from L iff L(L) — R follows from L.

Concerning right-hand sides, Proposition [I says that the largest right-hand side
R such that L — R is not refuted by K is R = K(L). Putting these two obser-
vations together, we only need to consider implications of the form L — K(L)
where L is L-closed. In order to enumerate all left-hand sides, we can thus use
the well-known approach from FCA for enumerating closed sets in the lectic or-
der [T4]. In this approach, the elements of M are assumed to have a fixed order
that imposes a linear order on the power set of M, called the lectic order. An
algorithm that, given £ and an L-closed set P, computes in polynomial time the
lectically next L-closed set that comes after P, is described in [IT].

If an implication is added because the expert has stated that it holds in K,
then we can extend the current context K by closing the first component of every
pod in K w.r.t. the new set of implications £. In fact, £ C Imp(K) makes sure
that the extended context is still realized by K. To allow for this and possible
other ways of extending the partial context, the formulation of the algorithm
just says that, in case an implication is added, the partial context can also be
extended. Whenever an implication is not accepted by the expert, K will be
extended to a context that refutes the implication and still has IC as a realizer.

Based on these considerations, an attribute exploration algorithm for partial
contexts was introduced in [5], and is here recalled as Algorithm [II

The following theorem states that this algorithm always terminates, and in
which sense it is correct.

Theorem 1. Let M be a finite set of attributes, and K and Ky respectively a
full and a partial context over the attributes in M such that Ko < K. Then
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Algorithm 1. Attribute exploration for partial contexts

1: Input: M = {m1,...,mn},Ko {attribute set and
partial context, realized by full context K.}
2: K:=Ko {initialize partial context.}
3: L:=10 {initial empty set of implications.}
4: P:=10 {lectically smallest L-closed set.}
5: while P # M do
6:  Compute K(P)
7. if P # K(P) then {P — K(P) is undecided.}
8: Ask the expert if P — KC(P) is refuted by K
9: if no then {P — K(P) not refuted.}
10: K := K’ where K’ is a partial context such that
K<K <K {optionally extend K.}
11: L:=LU{P — K(P)\P}
12: Ppew := lectically next L-closed set after P
13: else {P — K(P) refuted.}
14: Get a partial context K’ from the expert such that K < K’ < K and
P — K(P) is refuted by K’
15: K=K
16: Poew := P {P not changed.}
17: end if
18:  else {trivial implication.}
19: Phew := lectically next L-closed set after P
20:  end if

21: P := Paew
22: end while

Algorithm [ terminates and, upon termination, it outputs a partial context K
and a set of implications L such that

1. L is a base for Imp(K), and
2. K refutes every implication that is refuted by K.
DLs and Partial Contexts

Let (7,.A) be a consistent DL knowledge base, and M be a finite set of concept
descriptions. An individual name a occurring in A gives rise to the partial object
description podr 4(a, M) := (A, S) where

A={CeM|T,A=C(a)} and S:={CeM|T,AE-C(a)}.
The whole ABox induces the partial context
Kz,4(M) := {pods 4(a, M) |a an individual name in A}.

Similarly, any element d € A of an interpretation Z gives rise to the full object
description fod;(d, M) := (A, S) where

A={CeM|deC?} and S:={CeM|dec (-C)*}.
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The whole interpretation induces the full context
Kz(M) := {fod;(d, M) | d € AT}.

Proposition 4. Let (7, A), (7', A") be DL knowledge bases such that T C T’
and A C A, M a set of concept descriptions, and T a model of (T', A'). Then
Kr.a(M) < Kzra(M) < Kz(M).

We can straightforwardly transfer the notion of refutation of an implication from
partial (full) contexts to knowledge bases (interpretations).

Definition 6. The implication L — R over the attributes M is refuted by the
knowledge base (T,A) if it is refuted by K7 (M), and it is refuted by the
interpretation T if it is refuted by Kz (M). If an implication is not refuted by T,
then we say that it holds in Z. In addition, we say that L — R follows from 7 if
ML E7 MR, where ML and MR respectively stand for the conjunctions [ oy, C

and [ |peg D-

Obviously, the implication L — R holds in Z iff (ML) C (MR)%. As an immediate
consequence of this fact, we obtain:

Proposition 5. Let 7 be a TBox and T be a model of T. If L — R follows
from T, then it holds in T.

Completion of DL KBs: Formal Definition and Algorithm

We are now ready to define what we mean by a completion of a DL knowledge
base. Intuitively, the knowledge base is supposed to describe an intended model.
For a fixed set M of “interesting” concepts, the knowledge base is complete if it
contains all the relevant knowledge about implications between these concepts.
Based on the notions introduced above, this is formalized as follows.

Definition 7. Let (7,.A) be a consistent DL knowledge base, M a finite set of
concept descriptions, and T a model of (T, A). Then (T,A) is M-complete (or
complete if M is clear from the context) w.r.t. T if the following three statements
are equivalent for all implications L — R over M :

1. L — R holds in T;
2. L — R follows from T;
3. L — R is not refuted by (T,.A).

Let (7o, Ao) be a DL knowledge base and T a model of (To, Ag). Then (T, A)
is an M-completion of (7p, Ag) w.r.t. Z if it is M-complete w.r.t. T and extends
(7o, Ao), i.e., To €T and Ay C A.

An adaptation of the attribute exploration algorithm for partial contexts pre-
sented above can be used to compute a completion of a given knowledge base
(7o, Ap) w.r.t. a fixed model Z of this knowledge base. It is assumed that the
expert has or can obtain enough information about this model to be able to
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answer questions of the form “Is L — R refuted by Z7”. If the answer is “no,”
then I — R holds according to the expert’s opinion, and is thus added to the
implication base computed by the algorithm. In addition, the GCI ML C MR is
added to the TBox. Since L — R is not refuted by Z, the interpretation 7 is
still a model of the new TBox obtained this way. If the answer is “yes,” then the
expert is asked to extend the current ABox (by adding appropriate assertions on
either old or new individual names) such that the extended ABox refutes L — R
and 7 is still a model of this ABox.

It is possible to optimize this algorithm by employing DL reasoning. Because of

Proposition Bl before actually asking the expert whether the implication L — R
is refuted by Z, we can first check whether ML C MR already follows from the
current TBox. If this is the case, then we know that L — R cannot be refuted
by 7, and we tacitly accept and add this implication to the current set of impli-
cations L. Similarly, there are also cases where an implication can be rejected
without asking the expert because accepting it would make the knowledge base
inconsistent. However, in this case the expert still needs to extend the ABox such
that the implication is refuted. The following example illustrates this case, which
was not taken into account in the original version of the completion algorithm
in [5].
Ezample 2. Consider the knowledge base (7,.4) with the empty TBox 7 = 0,
and the ABox A = {(Ir.ANVr.-B)(a)}. Clearly, the implication {A} — {B}
does not follow from 7. Moreover, it is not refuted by A because this ABox does
not explicitly contain a named individual that is an instance of both A and —B.
That is, the implication {A} — {B} is undecided. However, if the user accepted
this implication, and thus the GCI A C B were added to 7, the knowledge base
would become inconsistent since the assertion in A enforces the existence of an
implicit individual that belongs to both A and —B. This shows that this GCI
cannot hold in the underlying model Z of (7,.A), and thus it is refuted in the
full context Kz (M).

The improved completion algorithm for DL knowledge bases obtained from these
considerations is described in Algorithm [l Note that Algorithm[2] applied to 7,
Ao, M with the underlying model Z of (7y, .Ao), is an instance of Algorithm[I] ap-
plied to the partial context K, 4, (M) with the underlying full context Kz (M) as
realizer. For this reason, the next theorem is an easy consequence of Theorem/[Il

Theorem 2. Let (7o, Ag) be a consistent knowledge base, M a finite set of con-
cept descriptions, and I a model of (7o, Ap), and let (T,.A) be the knowledge
base computed by Algorithm[3. Then (T, .A) is a completion of (7o, Ao).

Let us demonstrate the execution of Algorithm 2] on an extension of the knowl-
edge base constructed in Example[Il where M consists of the concepts Coastal,
Mediterranean, EUmember, and GermanSpeaking, the ABox contains additional
information on some countries, and 7 is the “real world.”

Example 3. Let the partial context derived from the initial ABox be the one de-
picted in Table[2l Given this ABox, and the TBox in Example[I] the first implica-
tion question posed to the expert is {GermanSpeaking} — {EUmember, Coastal}.
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Algorithm 2. Completion of DL knowledge bases

1: Input: M = {m1,...,mx}, (To,Ao) {attribute set; KB with model Z.}
2: T:=T7, A:= A

3 L:=10 {initial empty set of implications.}
4: P:=10 {lectically smallest £-closed subset of M.}
5: while P # M do

6:  Compute K7 4(P)

7: if P # K7 4(P) then {check whether the implication follows from 7.}

8: if NP Cr HICT,A(P) then

9: L:=LU{P — K7.4(P)\ P}
10: Pyew := lectically next L-closed set after P
11: else
12: if (7 U{nP C K7, 4(P)}, A) is inconsistent then
13: Get an ABox A’ from the expert such that A C A’, 7 is a model of A,
and P — K7, 4(P) is refuted by A’
14: A=A {extend the ABox.}
15: else
16: Ask expert if P — K7, 4(P) is refuted by Z.
17: if no then {MP C N7 4(P) is satisfied in Z.}
18: L:=LU{P — K7 .a(P)\P}
19: Phew := lectically next L-closed set after P
20: T:=TU{NPCNKra(P)\P)}
21: else
22: Get an ABox A’ from the expert such that A C A’,
T is a model of A’, and P — K7 4(P) is refuted by A’
23: A=A {extend the ABox.}
24: end if
25: end if
26: end if
27:  else {trivial implication.}
28: Phew := lectically next L-closed set after P
29:  end if

30: P := Paew
31: end while

The answer is “no,” since Austria is German-speaking, but it is not a coastal
country. Assume that the expert turns Austria into a counterexample by asserting
that it is German-speaking. The second question is then whether the implica-
tion {GermanSpeaking} — {EUmember} holds. The answer is again “no” since
Switzerland is a German-speaking country, but not an EU member. Assume
that the expert adds the new individual Switzerland to the ABox, and asserts
that it is an instance of GermanSpeaking and —~EUmember. The next question
is {Mediterranean} — {EUmember, Coastal}. The answer is again “no” because
Turkey is a Mediterranean country, but it is not an EU member. Assume that
the expert adds the individual Turkey to the ABox, and asserts that it is an in-
stance of “-EUmember. The next question {Mediterranean} — {Coastal} follows
from the TBox. Thus, it is not posed to the expert, and the algorithm continues
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Table 2. The partial context before completion

Coastal Mediterranean EUmember GermanSpeaking

Ttaly + + + -
India + - — —
Germany  + — + +
Austria — — + ?

Table 3. The partial context after completion

Coastal Mediterranean EUmember GermanSpeaking

Ttaly + + + -
India + — — —
Germany + — + +
Austria — — + +
Switzerland  — — - +
Turkey + + — —

with the last question {Coastal, GermanSpeaking} — {EUmember}. The answer
to this question is “yes” because the only countries that are both coastal and
German-speaking (Germany and Belgium) are also EU members. Thus the GCI
Coastal I GermanSpeaking C EUmember is added to the TBox, and the com-
pletion process is finished. The completion yields the final context displayed in
Table Bl

4 Improving the Usability of the Completion Procedure

Based on on the approach described in the previous section, we had implemented
a first experimental version of a DL knowledge base completion tool. Our ex-
periments with this tool showed that during completion the expert sometimes
makes errors. For better usability of the completion procedure, it is important to
support the expert in detecting and correcting these errors. Moreover, although
we assume that the expert is omniscient (i.e., is potentially able to answer all
implication questions), we have observed that it is convenient to be able to
defer a question and answer it later. In the following, we discuss these prob-
lems in more detail and show how we address them in our improved completion
tool.

Detecting Errors

We say that the expert makes an error if he extends the knowledge base such
that it no longer has the underlying model 7 as its model. Since the procedure
has no direct access to Z, in general it cannot detect such errors without help
from the expert. The only case were the procedure can automatically detect
that an error has occurred is when the knowledge base becomes inconsistent.
Obviously, the underlying model Z cannot be a model of an inconsistent KB.
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However, when an inconsistency is detected by DL reasoning, then it is not
clear at which stage the actual error was made. In fact, although only the last
extension of the knowledge base has made it inconsistent, the deviation from
what holds in Z may have occurred in a previous step. Pinpointing [6I7U2T124)/32]
can be used to compute all minimal subsets of the knowledge base that are
already inconsistent, and thus help the expert to find the place where the error
was made. But in the end, the expert needs to tell the completion tool which
are the erroneous assertions and/or GClIs.

The expert may also be alerted by DL reasoning to errors in cases where the
knowledge base is not inconsistent. In fact, after each extension of the KB, the
DL reasoner re-classifies it, i.e., computes the implied subsumption and instance
relationships. If one of them contradicts the experts knowledge about Z, she
also knows that an error has occurred. Again, pinpointing can show all minimal
subsets of the knowledge base from which this unintended consequence already
follows.

Recovery from Errors

Once the sources of the error are found, the next task is to correct it without
producing unnecessary extra work for the expert. Of course, one can just go back
to the step where the first error was made, and continue the completion process
from there, this time with a correct answer. The problem with this simple ap-
proach is that it throws away all the information about Z that the expert has
added (by answering implication queries) after the first error had occurred. Con-
sequently, the completion procedure may again pose implication queries whose
answer actually follows from this information. On the DL side, it is no prob-
lem to keep those assertions and GCIs that really hold in Z. More precisely, the
completion procedure can keep the GCIs and assertions for which the expert has
stated that they are not erroneous. In fact, our completion procedure allows for
arbitrary extensions of the KB as long as the KB stays a model of Z.

On the FCA side, it is less clear whether one can keep the implications that
have been added after the first error had been made. In fact, since the new (cor-
rect) answer differs from the previous incorrect one, the completion procedure
may actually produce different implication questions. The proof of correctness
of the procedure, as given in [4], strongly depends on the fact that implications
are enumerated according to the lectic ordering of their left-hand sides. Thus,
having implications in the implication set for which the left-hand side is actually
larger than the left-hand side of the implication currently under consideration
may potentially cause problems. However, not using these implications may lead
to more implication questions being generated. Fortunately, this problem can be
solved by using these implications as background knowledge [34] rather than as
part of the implication base to be generated. Thus, when correcting an error,
we move implications generated after the error had occurred, but marked by the
expert as correct, to the background knowledge. Correctness then follows from
the fact that Stumme’s extension of attribute exploration to the case of impli-
cational background knowledge [34] can further be extended to partial contexts
(see the corresponding subsection below).
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Deferring Questions

Although we assume that the expert is omniscient in the sense that she is poten-
tially able to answer all implication questions, it is convenient to be able to defer
answering certain questions. For example, in the biology application mentioned
in the introduction, answering an implication question may necessitate search-
ing the literature on human protein phosphatases, querying gene and protein
databases, or even making new experiments. This research may take quite some
time, and can possibly be delegated to other researchers. It would thus be good
if the expert could in parallel continue with the completion process.

Our approach for achieving this is that we allow the expert to stop the com-
pletion process and change the linear order on the set M of interesting concepts.
This results in a different lectic order, and thus other implication questions may
be asked before the problematic one To ensure that correctness is not com-
promised by this approach, we leave the knowledge base as it is, but move all
the implications collected so far to the background knowledge. The completion
procedure is then restarted with the first set that is closed w.r.t. the background
implications, i.e., the closure of (.

Attribute Exploration with Background Knowledge for Partial
Contexts

Our approaches for recovering from errors and for allowing the expert to defer an-
swering a question depend on the use of implications as background knowledge.
Attribute exploration in the presence of implicational background knowledge
[34] and also non-implicational background knowledge [I2I13] has already been
considered in the literature for full contexts. For partial context, it has been con-
sidered in [17]. However, as mentioned before, this work is based on assumptions
that are different from ours, and thus cannot directly be used.

In [4] we have shown termination and correctness of Algorithm [I] under the
condition that the initial set of implications Ly is empty (line 3). In the following
we show that Algorithm [ stays correct and terminating if we modify it such
that

1. the initial set of implications Ly already contains background implications
that are not refuted by K, i.e., satisfies L C Mod(Lp) (line 3); and

2. the variable P is initialized with the lectically smallest Ly-closed set, i.e.,
with Lo (@) rather than with () (line 4).

Theorem 3. Let M be a finite set of attributes, K and KCq respectively a full and
a partial context over the attributes in M such that Ko < IC, Lo an initial set of
background implications such that K C Mod(Ly), and Py the lectically smallest
Lo-closed set Lo(D). Then the modified Algorithm /[l terminates on this input and
upon termination it outputs a partial context K and a set of implications L such
that

2 Note, however, that this need not always be the case, i.e., it could be that also with
the changed order the problematic question is the next one.
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1. L is a base for Imp(K), and
2. K refutes every implication that is refuted by K.

Since the proof of this theorem is almost identical to the one of Theorem [l we
only give a sketch (see the proof of Theorem [Tl given in [4] for details).

Termination is based on the following observation: in every iteration of the
algorithm, one

(a) either considers as left-hand side of the current implication a new set P that
is lectically larger than the previous one,

(b) or stays with the same left-hand side P, but decreases the cardinality of the
right-hand side.

Thus, both iterations of the form (a) and (b) cannot occur infinitely often. This
argument applies unchanged to the modified algorithm.

To show correctness, we must show 1. and 2. in the statement of the theorem.
Thus, we must show that £ is both sound and complete for Imp(K), and that K
refutes every implication that is refuted by K. Soundness of L is an immediate
consequence of the fact that the invariant < IC C Mod (L) holds throughout the
run of the algorithm. The only difference between the original and the modified
algorithm is that the former starts with the empty set of implications whereas
the latter starts with a possibly non-empty set £y of implications. However, since
Ly is assumed to satisfy I C Mod (L), the invariant is still satisfied at the start
of the modified algorithm.

Because the invariant is satisfied, completeness of £ for Imp(K) as well as the
fact that IC refutes every implication refuted by K follow by Proposition 2] as
soon as we have shown that every implication is decided w.r.t. X and £. Thus,
assume that L — R is undecided w.r.t. IC and L, i.e., it does not follow from L
and is not refuted by K. By Proposition[ B, £(L) — R also does not follow from
L. In addition, since L C £(L), it is also not refuted by K.

We claim that £(L) is equal to one of the sets P; considered during the run of
the algorithm. In fact, since the final set P,, = M is the lectically largest subset
of M and since the lectic order < is total, there is a unique smallest ¢ such that
L(L) < P;. First, assume that ¢ = 0. Then £L(L) < Py = L(0). However, Ly C L
implies that £(L) is as also Lo-closed, which contradicts the fact that Lo(0) is
the smallest Ly-closed set. If ¢ > 0, then P,_; < L < P;, and we can analogously
derive a contradiction to the fact the P; is the lectically next L£;-closed set after
P_.

Thus, let 7 be such that £(L) = P;. Then the implication P; — K;(F;) is
considered during iteration i of the algorithm. If this implication is not refuted
by K, then one can show that R C IC;(P;), and use this fact to show that P, — R
follows from £, which contradicts our assumption that L — R is undecided (see
[4] for details).

If P, — K;(P;) is refuted by K, then K; is extended to a partial context K;11
that refutes this implication. If IC; 1 also refutes P; — R, then this implies that
K refutes L — R, which is again a contradiction (see [4] for details). Otherwise,
note that P41 = P; and £;41 = L;, and thus in the next iteration the expert
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gets the implication P; — C;41(P;). By our assumption, P; — R is not refuted
by K:i+1a and thus R Q Kz+1(131) In addition, we have ’Ci+1(Pi) g K:Z(R) due
to the fact that K;11 refutes P, — IC;(P;).

If P, — Ki+1(P;) is not refuted by K, then we can continue as in the first case
above, and derive that P; — R follows from £. Otherwise, we can continue as in
the second case. However, because in this case the size of the right-hand side of
the implication given to the expert strictly decreases, we cannot indefinitely get
the second case. This completes our sketch of the proof of Theorem [3l

Termination and correctness of the accordingly modified Algorithm [ is a
trivial consequence of this theorem, i.e., we can also start this algorithm with a
non-empty set of background implications Ly provided that all implications in
Ly are not refuted by Z.

5 OntoComP: Ontology Completion Plugin for Protégé

Based on the usability considerations sketched in the previous sections, we have
implemented an improved version of our completion algorithm as an open-source
tool called ONTOCOMPE which stands for ONTOlogy CoMmpletion Plugin. It is
written in Java as a plugin for the PROTEGE 4 ontology editor [19]. It commu-
nicates with the underlying DL reasoner over the OWL APT [g].

ONTOCOMP can easily be integrated into an existing PROTEGE 4 installation.
After installing this plugin, it appears in the PROTEGE 4 window as a new tab.
For completing a knowledge base loaded into PROTEGE 4, one first needs to
classify it with one of the DL reasoners supported by PROTEGE 4 (e.g., FaCT++
[35] or Pellet [33]). Then one can go to the ONTOCOMP tab to start completion,
and create the set M of interesting concepts by dragging and dropping the
concept names that are supposed to be in this set from the class hierarchy
displayed in the ONTOCOMP tab. Figure [l displays the ONTOCOMP window
during completion of the knowledge base of Example [Bl

Counterexample Generation. ONTOCOMP has a counterexample editor for
supporting the user during counterexample generation. When the user rejects
an implication, ONTOCOMP opens a counterexample editor in a new tab, and
displays those individuals from the ABox that can potentially be turned into a
counterexample by adding assertions for them. Alternatively, the user can intro-
duce a new individual together with assertions that make it a counterexample.
During counterexample generation, ONTOCOMP guides the user and notifies her
once she has created a valid counterexample to the implication question.

Error Recovery. At any point during knowledge base completion, if the user
notices that he has made a mistake in one of the previous steps, he can stop the
completion and can request to see the history of all answers he has given. ONTO-
CoMP displays all the questions asked in previous steps, the answers that were

3 available under http://code.google . com/p/ontocomp
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0 ICFCA09_example.owl (http://www.semanticweb.org/ontologies/2009/0/ICFCA09 example.owl) - [fuse + - O X
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Fig. 1. OntoComP window during completion

given to these questions, and the counterexamples accompanying negative an-
swers. The user can browse the answering history, correct the wrong answers he
has given in the previous steps, and can then continue completion. ONTOCOMP
then keeps all GCIs and counterexamples that were not marked as incorrect in
the knowledge base, and moves all implications to the background knowledge.
Pinpointing reasons for consequences (such as inconsistency or unintended sub-
sumption or instance relationships) is not directly integrated into the current
version of ONTOCOMP. However, the user could use the pinpointing facilities
provided by PROTEGE 4.

Deferring Questions. ONTOCOMP allows the user to defer a question at any
point during completion. It achieves this by the approach described in Section [,
i.e., it tries to change the order on M such that a different question is generated as
the next question. As already mentioned in Sectiond] this need not always succeed.

6 Future Work

In addition to further improving and evaluating our completion tool ONTO-
CoMmP, the main topic for future research in this direction will be to look at
extensions of our definition of a complete KB. As a formalization of what “all
relationships between interesting concepts” really means, we have used subsump-
tion relationships between conjunctions of elements of a finite set of interesting
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concepts M. One could also consider more complex relationships by fixing a spe-
cific DL D, and then taking, as attributes, all the D-concept descriptions that
can be built using a finite set of interesting concept and role names. This would
result in a notion of completeness where each GCIs that can be built using D
and the given finite set of concept and role names either follows from the TBox
(in case it holds in the underlying model) or is refuted by the ABox (in case it
does not hold in the underlying model).

The obvious problem caused by this extension is that, in general, the set of
attributes becomes infinite, and thus termination of the exploration process is
no longer a priori guaranteed. Different extensions of classical attribute explo-
ration (i.e., for full contexts) in this direction are described in [30/31] for the DL
FLE, and in [2I3] for the DL £L and its extension by cyclic concept definitions
with greatest fixpoint semantics, £Lgf,. In both approaches, variants of classi-
cal attribute exploration are introduced that consider as attributes all concept
descriptions built using the given DL and a given finite set of concept and role
names. It is shown that the introduced exploration algorithms terminate if the
underlying model is finite. We will investigate whether these approaches can be
adapted to knowledge base completion.
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Concept Lattice Orbifolds — First Steps

Daniel Borchmann and Bernhard Ganter

Institut fiir Algebra
Technische Universitéit Dresden

Abstract. Concept lattices with symmetries may be simplified by “fold-
ing” them along the orbits of their automorphism group. The resulting
diagram is often more intuitive than the full lattice diagram, but well
defined annotations are required to make the folded diagram as informa-
tive as the original one. The folding procedure can be extended to formal
contexts.

A typical situation where such lattice foldings are useful is when hi-
erarchies of structures are considered “up to isomorphisms”.

1 Introduction

Much effort has been made to develop techniques for handling large and complex
concept lattices. For lattices built from real-word data, methods allowing for
aspects and views of the lattice are often a good choice. In more mathematical
situations, a different strategy is promising: using symmetry. The lattice of, say,
all quasi-orders on a fixed base set, or the lattice of all subgroups of a given
group, are structures with rich automorphism groups, and it is advisable to use
these for simplification.

The basic elements of theory for such investigations do already exist. They
were invented in Monika Zickwolff’s thesis of 1991 [8], and were tailored for
applications in rule exploration, a generalisation of attribute exploration to first
order predicate logic. First algorithmic results were also obtained at that time [5].
Since then, little progress has been made, presumably because the methods tend
to be difficult.

In recent years we have often met situations in which the application of sym-
metry techniques would have been appropriate. We see a growing demand for a
solid and intuitive theory. In the present paper, we give an introduction to the
basic ideas, mainly by means of an example. Most of the results presented here
are already contained in Zickwolff’s work, but in a very condensed form. Our
aim is to make them better accessible to the FCA community.

Any lattice or ordered set with automorphisms (in fact, any relational struc-
ture) can be “folded” in such a manner that the orbits of the group become the
elements of a new structure. However, in order not to loose information, this
“orbifold” needs to be carefully annotated, so that the original structure can be
reconstructed.

Formal contexts can be folded as well, and it is possible to compute concept
lattice orbifolds from context orbifolds. Such computations require a combination
of lattice and group algorithms and are not easy to handle.

S. Ferré and S. Rudolph (Eds.): ICFCA 2009, LNAI 5548, pp. 22f-37] 2009.
© Springer-Verlag Berlin Heidelberg 2009



Concept Lattice Orbifolds — First Steps 23

The present paper concentrates on folding orders and lattices. In Section
we sketch a first example of a context orbifold. The details are to be treated in
a subsequent paper.

2 Group Annotated Ordered Sets

Definition 1. (Group annotated ordered set): Let P := (P, <) be an ordered
set and let G := (G, o) be some group. A mapping

AN PxP— P(G)
is called a G-annotation of P iff

1. A(a,b) # 0 if and only if a < b in P,
2. each set A(a,a), a € P, is a subgroup G, of G, and
3. Aa,b) o A(b,¢) C A(a,c) foralla <b < cin P.

(P, <, A) is then called a G-annotated ordered set. O

The following example, though small, seems complicated at first. In the sequel we
shall introduce techniques easing readability. Moreover, it will be shown where
the example comes from.

a b c

Fig. 1. A small ordered set

Example 1. Let P := ({a,b,c,d,e, f},<) be the six-element ordered set de-
picted in Figure [l Let G be the alternating group on the four element set
{1,2,3,4}, i.e., the group of all even permutations of these elements. Table [II
gives an annotation map.

Giving an annotation for an ordered set by means of a full table, as it was
done in Table [T} is informative but unpleasant to read. We therefore introduce
a simplified notation based on double cosets of subgroups.
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Table 1. An As-annotation of the ordered set in Figure [I]

Ma,a)= {id, (12)(34)}
A(b,b) = {id, (12)(34)}
A(c,c) = {id, (234), (243)}
A(d, d) = {id, (12)(34), (13)(24), (14)(23)}
Ae,e)= {id}
A )= {id, (13)(24)}
Aa,d)= {(124), (132), (143), (234)}
Aa,e)= {(132), (143)}
Aa, f)= {(234), (243), (123), (132), (124), (143)}
A(b, d) = {id, (12)(34), (13)(24), (14)(23)}
A(b,e) = {(134), (142)}
A, f)={id, (12)(34), (13)(24), (14)(23), (123), (243) }
A, e) = {(12)(34), (132), (142)}
Ae, f)= {id, (243), (234), (123), (13)(24), (143)}
A(d, f)= {id, (12)(34), (13)(24), (14)(23)}
Ae, f)= {(12)(34), (14)(23), (124), (132)}

It is immediate from the definition that for each pair a < b in an annotated
ordered set the set A(a, ) is a union of double cosets of the “stabiliser” subgroups
Gq = Ma,a) and Gy := A(b,b), i.e., that

Aa, a) o A(a,b) o A(b,b) = M(a, b).

Since the double cosets of any subgroup pair partition the group, it suffices to
give a system of representatives of these double cosets. Moreover, since

Aa,¢) o A(c,b)
also is a union of double cosets, we may simplify further and and define as follows:

Definition 2. Let A be a G-annotation of an ordered set P. A simplified an-
notation A\, corresponding to A gives for every pair a < b in P a set of double
coset representatives of

AMa,b)\ | Aa,e)oA(e,b).

a<c<b
O

Note that Ae(a,b) may be empty. As a convention, such pairs will be omitted
in our listings of A,. Similarly, we shall not list neighbouring pairs a < b for
which A (a, b) consists only of the neutral element of G. Following this, Table [
simplifies to, e.g., the data displayed in Table

The ordered set in Figure [Il can be interpreted as a set of graphs on four
vertices {1, 2,3, 4}, ordered by embeddability, see Figure[2l Each connected graph
with four vertices, with the exception of the complete graph, occurs exactly once
up to even isomorphism, which means that each such graph occurs exactly once,
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Table 2. The simplified annotation to Table [I]

Xe(a,a)= {id, (12)(34)}
Ae(b, ) = {id, (12)(34)}
Xe(c,c) = {id, (234), (243)}
Ae(d, d)={id, (12)(34), (13)(24), (14)(23)}
Ae(e,€) = {id}
Ao(f, )= {id, (13)(24)}
Ae(a,d)= {(234)}
Ae(a, €)= {(132)}
Ae(bye) = {(134)}
Ae(c,€) = {(12)(34)}
Xe(e, f)= {(12)(34), (124)}

2m1

3 4

o 9 s

Fig. 2. The ordered set from Figure[]] labelled by graphs

except for the path, which occurs twice. The four-element path has only even
automorphisms and is for this reason listed with two copies.

The small graphs in Figure [2] are all labelled in the manner indicated for
the top element: counterclockwise, starting with the upper right vertex. The
annotation listed in Table [[l can now be read off from this diagram. Then recall
that the group under consideration is the alternating group, acting on these
vertices. The annotation is obtained as follows:

1. For each p € P, the annotation A(p, p) is simply the automorphism group of
the labelling graph, allowing only permutations from the alternating group,
i.e., only even permutations.

2. For p < g in P, the set A(p, q) consists of all even permutations 7 for which

4~1 is an embedding from p into q. (In other words: for which p is a subset

of vq.)

Note that the second condition includes the first one if we allow p = q.
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Fig. 3. Simplified annotation of the diagram. The labels are double coset represen-
tatives. The stabiliser A(p,p) is the automorphism group of the graph labelling p,
restricted to the alternating group As4. Non-neighbouring pairs are not drawn because
their simplified labels are empty (in this example).

In small examples the simplified annotation can be written directly to the
diagram, in particular when the stabiliser groups A(p,p) can be read off from
the labelling. This is shown in Figure [l

On the example of the pair ¢ < e we explain how to read the diagram in
Figure 3

— Point ¢ is labelled by the graph ?I , point e by x .
— The graph at ¢ is embeddable into the graph at e, but the given diagram is

not a subdiagram. The graph at c is a subgraph of several isomorphic copies
of the graph at e.

— There are precisely three isomorphic copies (all obtained by even permu-
tations) of the graph at e that contain the diagram at point ¢, these are:

o, &%, and ¥e.

— These copies are obtained from the original label by the even permutations
(12)(34), (132), and (142). These constitute the annotation A(c,e), cf. Ta-
ble [

— The simplified annotation lists only (12)(34), because the other two permuta-
tions can be obtained from (12)(34) using automorphisms from the stabiliser
groups. For example

(132) = (234) o (12)(34) o id,

where (132) € A(c, ¢), (12)(34) € Ae(c,€), and id € A(e, e).
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3 Folding Orders and Lattices

Figure[3 gives a clue what annotation maps are used for. The six-element ordered
set shown there represents a much larger order, having 37 elements. These are
the connected graphs on {1,2,3,4} (K4 omitted). The smaller ordered set is
obtained through folding the larger one: Isomorphic graphs are identified. The
induced folding of the order relation is expressed by the annotation map. A
general formulation is provided by the next definition.

Definition 3. Let P := (P,<p) be an ordered set and let I' < Aut(P) be a
subgroup of its automorphism group. A I'-orbifold of P (also called an order

transversal) is a triple
(P <,),

where
— P\ I':= {p' | p € P} is the set of orbits of I" on P,
— < is the order relation defined on P \\ I" by
' <q¢" = Ferp<rny,
— and the mapping
A (PN\T) x (P\I') — P(I)
is defined using some fixed system Y of representatives of P \\ I" by
Ma®,b") = {ye T |a<, b},
where a,b €Y.
If P is a lattice, we speak of a lattice orbifold. O

Some details of this definition require justification. For example, it must be
argued that < is well defined and indeed an order. We include this in the proof
of the following lemma.

Lemma 1. Let P := (P,<p) be an ordered set and let I" < Aut(P) be a
subgroup of its automorphism group. Then every orbifold of P is a I'-annotated
ordered set.

Proof. We first show that <, defined by
P <q" = Jerp<r,

is well defined, i.e., independent of the choice of the representatives p,q. For
representatives
r r
PLED ;1 €9

of the same orbits we find automorphisms «, 3 € I' such that p; = ap and
q1 = Bq. Then

p<p7q < ap <p ayq
<~ ap <payB '8¢
< p1 <p 71q1, Where v; = ayf .

Thus 3, p <p vq¢ <= Iv1 p1 <p q1, as desired.
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The rest of the proof is straightforward: < obviously is an order on P \\ I’
and A is an annotation map. That A(a,b) is nonempty for a < b is immediate
from the definition of <. Clearly

Ma,a) ={y|a<~a} ={y|a=ra}
is a subgroup of I', it is the stabiliser I, of a in I'. For the third condition we
obtain
Aa,b) o A(b,c) ={a|a<pab}o{B|b<p fc}

={aof|a<pabb<p fc}

C{vla<pnrc

= Aa,c).

O

Now that we are able to fold ordered sets we also would like to unfold them in a
way that reconstructs the original order. This is provided by the next definition.

Definition 4. Let (P, <, \) be a G-annotated ordered set, and let G, := A(p, p)
for all p € P. The unfolding (or reconstruction) of (P, <, \) is defined as

reC(Pv < >\) = (U;DEP G/G;lh S’I‘)V
with

9Gp <, WGy : <= g 'h € \(p,q).

O

Proposition 1. The unfolding rec(P,<,\) of a G-annotated ordered set
(P, <, )) is an ordered set having a group of automorphisms isomorphic to G.
Proof. Let

N :=Upep G/Gp =U{gG, | g € G}
be the set of all stabiliser cosets. Proving that <, is an order on N is easy:
Clearly <, is reflexive, since id € A(p,p). Antisymmetry follows from the fact
that for p # ¢ at least one of the sets A(p,¢) must be empty, and transitivity
follows from the multiplicativity condition for annotation maps.

G operates on its power set as a permutation group I" of left multiplications.
Let ¢ : G — I' denote the canonical isomorphism. Each ¢(h) € I maps N to N
by

h
96, ™ nga,,

and

901Gy <r 92Gq <= g7 '92 € A(p,q)
< g7 'h 'hgs € A(p,q)
< (hg1) "hg2 € A(p,q)
= hgi1Gp <, hg2Gly.

Therefore each ¢(h) € I' acts as an automorphism on (N, <,), and I' is a
subgroup of Aut(N, <,.). O
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4 TIsomorphisms of Annotated Ordered Sets

The annotation we have studied above depends on the choice of representatives
for the isomorphism classes of graphs. If we choose other representatives, we
obtain another annotation map. If we are lucky, the new annotation may be
considerably simpler. An example is shown in Figure @l

%

id, (243)

19 %

(243)

% 9 s

Fig. 4. An alternative simplified annotation obtained by using isomorphic graph dia-
grams.

The two diagrams in Figures[3] and [ represent the same situation, and should
be called isomorphic. They however differ considerably. It is not surprising that
a rather complicated notion of isomorphy is needed.

Definition 5 (Isomorphy of group-annotated ordered sets).

Let I'7 and Iy be groups, and let P, = (P1, <1, A1) be a I'l-annotated ordered
set and P, = (P2, <9, A2) a I'x-annotated ordered set. Then P, and P, are said
to be isomorphic if the following conditions hold:

— there exists an order isomorphism « : (P, <;) — (P2, <3) and
— there exists a group isomorphism ¢ : [} — I, and
— there exists a mapping ¢ : P, — I%

such that
5[>\1 (a7 b)] = ¢(a)71>\2(aaa ab)¢(b)
holds for all a < b in P;. O
The two annotations in Figures [3] and [ are indeed isomorphic according to

this definition. The two groups are identical, so that we may choose § to be
the identity map. Two orders are canonically isomorphic and isomorphic to the
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order in Figure[I] so that we can omit a and simply use the letters from Figure [T]
as element names for both. It remains to find a mapping ¢ : P — A4 such that

M(a,b) = ¢(a) ™ Az (a, b)d(b)
holds for all @ < b in P. For this, we may take

T a bcd e f
o(x) (132) id id id (142) id”

For example, according to Table Il we have A1 (¢, e) = {(12)(34), (132), (142)},
and from Figure [l we read off that

>\2(Ca e) = >\2(Ca C) ° {Zd} o )‘2(67 6)
(recall that a missing edge label stand for {id}). We conclude that

)\2(67 e) = >\2(Cu C) o {Zd} © )‘2(67 e)
= {id, (234)7 (243)} o {Zd}
= {id, (234)7 (243)}.

Therefore

d(c) ™t o Xa(e, ) o d(e) =id o \a(c,e) o (142)
= {id, (234), (243)} o (142)
= {(142), (12)(34), (132)},

which is indeed A (c, €), as can be seen from Table Il
Our first theorem states that the two structure necessarily are isomorphic.

Theorem 1. Any two [-orbifolds of an ordered set P are isomorphic. More
generally, if P, and P» are isomorphic ordered sets, a : P, — P, is an isomor-
phism and I7 < Aut(P;) and I's < Aut(P») are groups of automorphisms such
that

Iy :aOFlooFl,
then each I'-orbifold of P is isomorphic to each I's-orbifold of Ps.

Proof. We only prove the special case. A proof of the general statement can be
found in [§]. Let
(P\\ F7§7>\1) and (P\\F’S’AQ)

be two I'-orbifolds of P and let Y7 and Y5 be the two orbit transversals used
to define the annotation maps A; and Ag. For each y € Y; there exists an
automorphism ¢, € I" such that

¢y(y) €Ys.
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We get for a,b € Y7 that

Ai(a,b) = {y]a <b}
= {7 ] 65 ' daa < v, ' S1b}
= {7] ¢aa < ¢ave, 'Pub}
= {7 | ¢avd; " € A2(a,b)}
= ¢, ' Aa(a, b)¢y.

The mapping y — ¢, therefore has the properties required by Definition 5l O

5 An Example of a Concept Lattice Orbifold

The ordered set in Figures[IHdlis part of a lattice orbifold. The lattice to be folded
is the boolean lattice of all graphs with vertex set V := {1,2,3,4}. There are 64
such graphs, and 11 up to isomorphism. This lattice can naturally be written as
the concept lattice of the x6-formal context ((%), (}),#), see FigureHl

ceveslliecn oe

)
L4 X X X X X
:/.
® X X X X X
[ ]
o6 x X X X X
°
® x X X X X
c\:
®*® X X X X X
[N J

e x X X X X
Fig. 5. The standard context for the lattice of all graphs on four points

(4, B) is a formal concept of this context iff A is (the edge set of) some graph
on V and B is (the edge set of) its complement.

When folding this lattice, we have several groups to choose between. The full
automorphism group is, of course, isomorphic to the symmetric group Sg. The
Sg-orbifold of this lattice is simply a chain of length four, with trivial annotation.
Two formal concepts are in the same orbit iff their extents have equal cardinality.

More interesting in the sense of graph theory is the subgroup Iy isomorphic
to Sy, that is induced by the action of the vertex permutation on the edges. Two
concepts are in the same orbit of this group iff their extents are isomorphic as
graphs.

In Figures [[H4l the group I" of our choice was the alternating group A4, con-
sisting of the 12 even permutations of V', in its induced action on the two-element
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Fig.6. An A,— orbifold of the lattice of all graphs on four points
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Fig. 7. An S4— orbifold of the lattice of all graphs on four points

33
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subsets. The I'-orbifold of the lattice of all graphs on V' is shown in Figure [6l
Obviously, it is not a lattice. The orbifold diagram has a dual automorphism
because the lattice it was generated from has one.

Since I' is a subgroup of the group Sy, the I'-orbifold in Figure [6] can itself
be folded to obtain the diagram in Figure [1

6 Context Orbifolds and a Lattice of Lattices

The symmetry group I” may also be used to fold the formal context. The resulting
context orbifold is

G\ LM A\ A),

where

A (G\ND)x(M\T') — P(I
is the mapping defined by

Ag",m") :=={ye | gIym}.

In practical computations we use the group structure for simplification. The
orbits are replaced by orbit representatives, and since the values of the A-mapping
are unions of double cosets of the respective stabiliser groups (of g and m), they
may be given by double coset representatives. However, a context orbifold may
have many different such representations, and a theorem similar to Theorem [II
is required (and can be given) to guarantee representation invariance.

In the case of our example (in Figure [B]) the context orbifold is a 1 x 1-table,
since [ is transitive both on objects and on attributes. The annotation gives the
set Ag \ {id, (12)(34)}.

As a more instructive example we give an orbifold representation of the “lat-
tice of all concept lattices” with attribute set {a,b,c}. Recall that a closure
system on a set M is a set C C P(M) of subsets of M which contains M and
is closed under arbitrary intersections. The family of concept intents of any for-
mal context is a closure system (as well as the family of concept extents). Any
closure system is the system of intents of some formal context, and this context
is determined by its intents up to clarifying, reducing and renaming objects.

The intersection of closure systems on M yields a closure system. The family
of all closure systems on M therefore is itself a closure system, on the power set
PB(M) of M, and therefore forms a complete lattice. The mathematical properties
of these lattices have been studied by Caspard and Monjardet [2]. It is well known
that this is encoded by the formal context

(B(M), Imp(M), |=),

where PB(M) is the set of all subsets of M, Imp(M) is the set of all implications
on M, and the relation [ is defined as

SEA—B 1+ A¢SorBCS.
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O 0 a a b b c c ab a,c bec

—_ = = = = = = — = — = —>

a b c b c a c a b ¢ b a
0 X X X X X X X X X
{a} X X X X X X X X
{b} X X X X X X X X
{a,b} x X X X X X X X
{c} X X X X X X X X
{a,¢} X X X X X X X X
{b,¢} X X X X X X X X

Fig. 8. The reduced formal context for the lattice of closure systems on {a, b, c}. Each
permutation of {a,b, ¢, } induces an automorphism.

0—c a—c ab—c
o 0 id id

{a} id (ab),(abc) id, (abc)
{a,b} id id,(acd) (be)

Fig. 9. An orbifold of the formal context in Figure[8l Objects and attributes are given
by coset representatives. The cells of the table contain sets of double coset representa-
tives, in analogy to Definition

The extents of this formal context are precisely the closure systems on M, and the
intents are the corresponding implicational theories. The extent lattice therefore
is indeed the lattice of all closure systems on M.

The formal context given above is not reduced, and for computations it is
convenient to use the standard context

(B(M) \ {M}, Tmp, (M), =),

where
TImp, (M) :={A - {b} | AC M,b¢ A}.

For M := {a,b, ¢} this yields the formal context in Figure[8l This formal context
has 61 concepts, corresponding to the 61 closure systems on {a, b, c}. The car-
dinalities of these lattices are known up to |M| = 6 (see Habib and Nourine[3]).
The values can be verified using the standard algorithm for generating concept
lattices. Note, however, that the numbers grow rapidly. For n = 1,...,6 the
numbers of closure systems on an n-element set are 2, 7, 61, 2480, 1385552,
75973751474 [7]. Up to isomorphism, there are 1, 2, 5, 19, 184, 14664, 108295846
closure systems. Note that there is a misprint in the sixth term of Sloane’s se-
quence A108799 [7], as was noticed by Mike Behrisch [IJ.

The formal context in Figure B obviously has six automorphisms induced
by the permutations of {a,b,c}. Folding the context by the induced action I’
of this symmetric group yield the context orbifold displayed in Figure @ The
concept lattice of the formal context in Figure [ has 61 elements. Its lattice
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Fig. 10. The lattice orbifold for the lattice of the 61 closure systems on the set {a, b, c}.
Each closure system is the system of intents of a unique row-reduced formal context
with attribute set {a,b,c}. These contexts are given up to permutations of {a,b,c}.
The context at the least element has empty object set.
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orbifold has 19 elements. It is displayed in Figure Note that the diagram
in Figure is very intuitive, because it represents the closure systems “up to
isomorphism”. However, the containment order “up to isomorphism” does not
give a lattice, it is actually not a mathematically precise notion right away. The
annotated diagram, together with the definitions on which the annotation is
built, make the idea of a hierarchy of structures “up to isomorphism” precise
and mathematically accessible.

7 Outlook

A detailed theoretical framework and a good algorithmic basis are needed to
make context and lattice orbifolds applicable. Algorithms must be given to com-
pute the lattice orbifold directly from the context orbifold, and, even more in-
terestingly, to compute the folded stem base. A package based on the GAP
system [4] has been implemented and is available upon request. Some of these
questions will be treated in a subsequent paper, but many are still open.

8 Conclusion

The interplay between concept lattice orbifolds and context orbifolds offers a
powerful technique for the investigation of lattices with symmetries. Although
the necessary foundations were provided by Zickwolff [§] in a very general setting,
it requires some effort to adapt them to the case of contexts and lattices. We have
shown here how this can be done and that interesting results can be obtained.
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The Advent of Formal Diagrammatic Reasoning
Systems

Frithjof Dau

SAP Research CEC Dresden

Abstract. In knowledge representation and reasoning systems,
diagrams have many practical applications and are used in numerous
settings. Indeed, it is widely accepted that diagrams are a valuable aid to
intuition and help to convey ideas and information in a clear way. On the
other side, logicians have viewed diagrams as informal tools, but which
cannot be used in the manner of formal argumentation. Instead, logicians
focused on symbolic representations of logics. Recently, this perception
was overturned in the mid 1990s, first with seminal work by Shin on an
extended version of Venn diagrams. Since then, certainly a growth in the
research field of formal reasoning with diagrams can be witnessed. This
paper discusses the evolution of formal diagrammatic logics, focusing on
those systems which are based on Euler and Venn-Peirce diagrams, and
Peirces existential graphs. Also discussed are some challenges faced in
the area, some of which are specifically related to diagrams.

1 Introduction

Formal Concept Analysis (FCA) is a mathematical theory applied successfully in
a wide range. The impact and success of FCA and the large number of applica-
tions in the real world cannot be explained solely with the mathematical results
and the mathematical power of FCA. The driving force behind FCA lies in the
understanding of mathematics as a science which encompasses the philosophical
basis and the social consequences of this discipline as well, and a main goal of
FCA from its very beginning has been the support of rational communication
and the representation and processing of knowledge. Lattice theory is reworked
in order to integrate and to rationalize origins, connections to and interpretations
in the real world. As Wille says in [7§]:

The aim is to reach a structured theory which unfolds the formal
thoughts according to meaningful interpretations allowing a broad com-
munication and critical discussion of the content.

Wille, 1996

Thus the results of lattice theory had in FCA to be presented in a way which
makes them understandable, learnable, available and criticizable, particularly for
non-mathematicians. One means to achieve this goal is the diagrammatic repre-
sentations in form of their Hasse diagrams. FCA, being is a mathematical theory

S. Ferré and S. Rudolph (Eds.): ICFCA 2009, LNAI 5548, pp. 38}-56,(2009.
© Springer-Verlag Berlin Heidelberg 2009
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formalizing the philosophical notion of concepts, has been later extended to con-
textual logic in order to revitalize the traditional philosophical understanding
of logic which is based the the doctrines of concepts, judgments and conclu-
sions. Again, an important aspect of contextual logic is that its core notions, i.e.
both judgments and conclusions, can be diagrammatically represented (for this
purpose, Sowa’s conceptual graphs [70] are utilized).

It is widely accepted that diagrams play an important role for representing
information in accessible and intuitive ways. In mathematics, however, there
does still exist a long-standing prejudice against non-symbolic representation,
particularly in mathematical logic. Without doubt diagrams are often used in
mathematical reasoning, but usually only as illustrations or thought aids. Dia-
grams, many mathematicians say, are not rigorous enough to be used in a proof,
or may even mislead us in a proof. Thus diagrams have been excluded from
formal proof techniques and were considered only as a heuristic aid.

Interestingly, most of the ancient systems which can be considered as prede-
cessors of formal logic are diagrammatic systems. We name Euler circles, Venn
diagrams and Venn-Peirce diagrams, Frege’s Begriffsschrift and Peirce’s existen-
tial graphs. It was not until the end of the 19th century that symbolic notations
took over in mathematical logic.

After more than a century of an absolute dominance of symbolic notations for
logic, the last two decades show an increasing interest in formal elaborations of
diagrammatic reasoning systems (DRSs), that is, formal logic systems with a pre-
cise syntax, semantics, and (diagrammatic) reasoning facilities. In this paper, we
investigate this advent of diagrammatic reasoning systems from various perspec-
tives. In order to do so and to motivate the use of DRSs, we first discuss in Sec.
possible applications of DRSs in software engineering and knowledge representa-
tion. An introduction into the Euler-Venn-Peirce family of diagrams as well as into
existential graphs is provided in Sec.Bl Seminal work in the field of DRSs which
present and elaborate these historical system is presented in section 4l Although
that this seminal work laid the path towards a mathematically precise develop-
ment of DRSs, it can be argued that they still do not fulfill the requirements of a
rigorous mathematical system. Sec.[Blpresents methodologies for developing DRSs
in a precise manner. Contemporary systems which follow these methodologies are
then presented in Sec.[6l Finally, we conclude with a discussion of the area.

2 Examples of Application Areas

In order to motivate the development of DRSs, we present in this section two
different application areas of DRSs in the fields of software engineering and
knowledge representation in the Semantic Web.

2.1 Software Engineering

In Software Engineering, we observe an increasing demand and development of
diagrammatic languages which are used for describing, specifying and
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A
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Jjoined

Fig.1. A UML class diagram and a UML state chart

communicating a wide range of modeling aspects. In software engineering, dif-
ferent kinds of stakeholders are involved in the modeling process. Besides IT
professionals like programmers and developers, this includes people like man-
agers and customers, which often do not have a dedicated technical expertise.
As there is a need of software specifications being accessible to all stakeholders,
symbolic languages and formalizations are not suited for modeling purposes,
and various diagrammatic languages like UML (unified modeling language)l or
BPMN (business process modeling notation)ﬁ have been developed.

UML is in fact a whole suite of (mostly) diagrammatic notations, including
class diagrams, state charts and various others. In Fig.[[l a UML class diagram
and a UML state chart are depicted. Both of them refer to a scenario for describ-
ing a library lending system. The class diagram expresses relationship between
the classes Person, Library and Book: persons can borrow books, persons can
join libraries, and libraries have collection of books. Books can be in two dif-
ferent states, namely onShel f or onLoan, as it is expressed by the state chart.
Initially (expressed by the bold dot and arrow), books are on the shelf. If a book
is borrowed, its state changes to being on loan, and vice versa, a book on loan
becomes being on shelf if it is returned.

There does exist a part of the UML which is non-diagrammatic: This is the
Object Constraint Language (OCL) which has been developed to describe formal
constraints on software models. As a very simple example of a constraint we
might wish to enforce on a library lending system is that people can only borrow
books that are in the collections of libraries they have joined. Using the OCL,
this is achieved as follows:

Context Person inv:((self.joined.collection—>asSet)—>includesAll(self.canBorrow))

Being a symbolic notation, OCL does not follow the general diagrammatic ap-
proach of UML and is for this reason probably not as easily understandable dia-
grammatic parts of UML. Thus it is reasonable to develop a diagrammatic vari-
ant of OCL. A groundbreaking approach towards this aim has been undertaken by
Kent, who introduced in [41] the class of constraint diagrams. An example for such
a diagram is provided in Fig.[2l This diagrams expresses the same constraint as its
symbolic counterpart we have just given, but compared to the symbolic notation,
the diagram fits better in the general visual theme of OCL.

! http://www.uml.org
2 http://www.bpmn.org
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Fig. 2. A constraint diagram

Mainly driven by the Visual Modeling Group (VMG) in Brighton, UKH, con-
straint diagrams are developed as a formal DRS, including a formal syntax,
FOL-based, semantics, and diagrammatic reasoning facilities.

2.2 Knowledge Representation and the Semantic Web

Is has long been argued that diagrams are particularly useful for knowledge
representation systems [56J28/48]. In this section, we focus on knowledge repre-
sentation within the Semantic Web, particularly on RDF(S) and OWL.

The underlying layer for knowledge representation within the Semantic Web
is the Resource Description Framework (RDF) and its extension RDF Schema
(RDFS). The essential idea of RDF is that each atomic piece of information can
be represented as a triple (subject predicate object), and an RDF Knowl-
edge Base is a set of RDF triples. There are different representations of RDF
KBs. First of all, there exists a machine processable XML serialization of RDF.
Secondly, we have the notion of an RDF KB as a set of RDF triples. Thirdly,
we can represent an RDF KB by means of an labeled graph, where a triple (s
p o) is modeled by two vertices labeled with s and o, respectively, and which
are connected by an edge labeled with o.

Tim-Berners Lee, inventor of the WWW and the driving force behind the
semantic web, recently reformulated his vision of the Semantic Web as a “Giant
Global Graph” A This understanding lead to a significant change in the architec-
ture of the WWW: Now the W3C considers RDF graphs as basic data structures
for representing informationd This paradigmatic shift clearly hints to the im-
portance of graph-based logics within the Semantic Web framework.

A more sophisticated level in the W3C stack (the hierarchy of W3C description
languages) is the level of ontologies. The W3C recommendation is OWL (Web
Ontology Language), which has recently been extended to OWL 2.0. The formal
background of OWL and OWL 2.0 is the family of Description Logics (DLs, see
[1]). DLs are a common family of knowledge representation formalisms tailored to
express knowledge about concepts and concept hierarchies. They include sound
and complete decision procedures for reasoning about such knowledge.

The formal notation of DLs has the flavor of a variable-free first order logic. In
fact, DLs correspond to (decidable) fragments of first order logic, and they have

3http://www.cmis.brighton.ac.uk/research/vmg
*http://dig.csail.mit.edu/breadcrumbs/node/215| created 2007/11
®http://www.w3.org/Consortium/technology) created 2008/01
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a well-defined, formal syntax, a semantics in the form of Tarski-style models, and
sound and complete calculi (e.g. based on Tableaux-algorithms). It is often em-
phasized that DLs offer, in contrast to other knowledge representation languages,
sound, complete and (empirically) practically useful reasoning services.

The fact that the notation of DLs is variable-free makes them easier to com-
prehend than the common first order logic formulas which include variables.
Nonetheless, for untrained users, the symbolic notation of DLs can be hard to
learn and comprehend. A main alternative to the symbolic notation is the de-
velopment of a diagrammatic representation of DLs. In [55], the introduction to
the Description Logic Handbook, Nardi and Brachman write a “major alternative
for increasing the usability of Description Logics as a modeling language” is to
“implement interfaces where the user can specify the representation structures
through graphical operations.”

For RDF, mathematical elaborations based on graph theory have been devel-
oped. They include Tarski-style semantics as well as sound and complete calculi,
latter either based on “projections” (see [4J5]) or on diagrammatic rules (see [19]).
That is, RDF is developed as a fully-fledged diagrammatic logic. A first attempt
at a diagrammatic representation for DL is can be found in [28], where Gaines
elaborates a graph-based representation for the textual DL CLASSIC. More re-
cently, the focus has shifted from the development of proprietary diagrammatic
representations to representations within the framework of UML (Unified Model-
ing Language). In 2003, the Object Management Group requested a metamodel
for the purpose of defining ontologies. Following this proposal, [7] provides a
UML-based, diagrammatic representation for OWL DL. In these approaches,
the focus is on a graphical representation of DL, however, as often emphasized,
reasoning is seen as a distinguishing feature of DL and such reasoning is not
supported diagrammatically by that treatment. A first step towards developing
DLs as fully fledged diagrammatic logics, based on Peirce’s Existential Graphs,
has been carried out for the DL ALC (the smallest propositionally closed DL)
in [27]. Research is in progress to extend this approach to more expressive DLs.

3 Historical Systems

In this section, we shortly discuss the historical background of DRSs, namely
Euler circles (a.k.a. Euler diagrams) [24], Venn diagrams [77], Venn-Peirce dia-
grams [59] and Peirce’s existential graphs [BII3360].

An Euler diagram is a finite collection of closed curves drawn in the plane. For
example, in Fig Bl d; is an Euler diagram which expresses that nothing is both
a car and a van. Venn diagrams differ from Euler circles in the respect that the
curves are drawn in a way that all possible set combinations are shown in the
diagram, and shadings are used to show that certain set combinations must be
empty. So the Venn diagram dy expresses the same information as d;. Finally, in
Venn-Peirce diagrams, o-signs are utilized to assert the emptiness of a set. More
importantly, Peirce also introduced ®-signs which denote elements so that —in
contrast to Euler Circles or Venn-diagrams— now the non-emptiness of sets can
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Cars Vans Cars, Vans Cars Vans

Bikes Bikes Bikes
d, d, d;

Fig. 3. An Euler diagram, a Venn diagram, and a Venn-Peirce diagram

be explicitely expressed. These signs can be assembled with lines to sequences,
and the lines are read in a disjunctive manner. If we consider the diagram ds,
the outer spider asserts that the set cars N Vans is non-empty (denoted by the
two ®-signs) or that the set Cars N Vans N Bikes is empty (denoted by the
o-sign). So the ds is a diagrammatic representation of the formula

(CarsNVans # 0V Cars N Vans N Bikes = 0) A
(CarsnNVans # 0V Cars N Vans N Bikes = 0).

which expresses that either Cars N Vans = ) or Cars N Vans # ().

Existential graphs (existential graphs) are a different diagrammatic system
with a focus on representing and reasoning with relations. The system of ex-
istential graphs is divided into three parts: Alpha, Beta and Gamma, which
presuppose and are built upon each other. Alpha corresponds to propositional
logic, Beta corresponds to first order logic, and Gamma encompasses features of
higher order logic, including modal logic, self-reference and more. In contrast to
Alpha and Beta, Gamma was never finished by Peirce, and even now, only frag-
ments of Gamma (mainly the modal logic part) are elaborated to contemporary
mathematical standards. In this paper, only Alpha and Beta are introduced.

The existential graphs of Alpha consist only of two different syntactical en-
tities: (atomic) propositions, and so-called cuts which are represented by fine-
drawn, closed, doublepoint-free curves. Essentially, writing different graphs on
the plane expresses their conjunction, and enclosing a graph by a cut denotes
its negation. Below, two examples of Alpha graphs are given. In the left graph,
the propositions ‘it rains’, ‘it is stormy’ and ‘it is cold‘ are written side by side,
thus the graph means ‘it rains and it is stormy and it is cold‘. The right graph
has the meaning ‘it is not true that it rains and it is stormy and that it is not
cold’, i.e. ‘if it rains and if its stormy, then it is cold’.

If we go from the Alpha part of existential graphs to the Beta part, predicate
names of arbitrary arity may be used, and a new sign, the LINE OF IDENTITY, is

itis stormy it is stormy
itrains it rains

it is cold

Fig. 4. Two Alpha graphs
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cat:
male pet
African

Fig. 5. Three Beta graphs

introduced. Lines of identity are used to denote both the existence of objects and
the identity between objects. They can be connected to networks. The meaning
of the Beta graphs in Fig.[Blare ‘there exists a male, human african’, ‘there exists
a man who will not die’, and ‘it is not true that there is a pet cat such that it
is not true that it is not lonely and owned by somebody’, i.e., ‘every pet cat is
owned by someone and is not lonely’.

4 Seminal Work on Historical Systems

In this section, we provide an overview on important seminal work which aims
at elaborating the historical systems of the last section.

4.1 Shin’s Extended Venn Diagrams

Certainly a landmark work on diagrammatic reasoning is Shin’s elaboration of
Venn-Peirce-diagrams in [67]. In fact, the main point of [67] is to argue that
developing a diagrammatic reasoning system which possesses the rigor of formal
mathematical logic is possible; the elaboration of Venn-Peirce-diagrams can be
seen as a proof of concept for her approach.

We shorty discuss Shin’s so called Venn-II system. Essentially, Venn-1I1 is based
on Venn diagrams where Peirce’s ®-sequences are added and where diagrams can
be taken in disjunction. The Venn-II diagram in Fig. [fl expresses the same as the
Venn-Peirce diagram ds in Fig. B} the line connecting the two boxes represents
disjunction (similar to the lines in ®-sequences).

The semantics are formalized in much the same way as traditional approaches.
Shin defines set assignments which are analogous to structures and then specifies
conditions under which a set assignment satisfies a diagram; see [67] for more
details. In [67], ten reasoning rules are defined for Venn-II and shown to form a
sound and complete set.

Carg Carg

Vans Vans

Bikes Bikes

Fig. 6. A Venn-II diagram
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Shin shows that Venn-II is equivalent in expressive power to Monadic First
Order Logic (MFOL) without equality. This is a noteworthy result: Though it is
straightforward to convert Venn-II diagrams into MFOL sentences; the converse
requires some effort as there is not a natural mapping from arbitrary MFOL
sentences to Venn-II diagrams.

Shin claims that her system is formally rigorous, but a closer observation
reveals that this claim cannot be sustained. The main reason is that Shin defined
the syntax of Venn-II at the concrete (drawn) diagram level. This resulted in a
lack of mathematical preciseness in her work, leading to unclear definitions and
errors in proofs (see [23]). Of course, this lack of rigor should not detract from
the importance of Shin’s work because she laid the essential foundations for the
acceptance of diagrams as formal tools.

4.2 Seminal Work on Existential Graphs

The main treatises on existential graphs are probably the books of Zeman [80],
Roberts [65] and Shin [68]). Each of this books focuses on different aspects of
existential graphs.

Probably the most prominent book on existential graphs is D. Robert’s ‘The
Existential Graphs of Charles S. Peirce’. This book offers the most comprehensive
description of the whole system of existential graphs —Alpha, Beta and Gamma-—
and its genesis. Particularly, Gamma is described to a large degree. Robert’s
treatise is definitely an outstanding work. However, from a mathematical point of
view, this book is clearly insufficient. Roberts does not provide any (technical or
mathematical) definitions for existential graphs, neither their syntax, semantic,
nor inference rules, and he relies solely on the graphical representations of graphs.

In contrast to Roberts, J. J. Zeman’s book ‘The Graphical Logic of C. S.
Peirce’ is, from a mathematical point of view, the best of the books which are
here discussed. Zeman provides a mathematical elaboration of Alpha, Beta, and
the part Gamma which extend Beta by adding the broken cut. Whereas Roberts
solely relies on the graphical representations of graphs, Zeman defines existen-
tial graphs inductively as abstract structures, i.e. in fact as sequences of signs.
Like in the other treatises, Zeman does not provide a mathematical, extensional
semantics for Peirce’s graphs. Instead of that, he defines mappings between the
systems Alpha, Beta, Gamma and appropriate systems of propositional, first
order, and modal logic. These translations from graphs to symbolic are correct,
but they are arguably very technical and clumsy. Even quite simple existential
graphs are translated to rather complex first order logic-formulas.

Sun Joo Shin’s book ‘The Iconic Logic of Peirce’s Graphs’ discusses only Al-
pha and Beta. Her interest in existential graphs is philosophically driven, and she
uses existential graphs as a case study for her goal to provide a formal approach to
diagrammatic reasoning. As the title of her book suggests, she focuses on the dia-
grammatic aspects, particularly the iconicity, of existential graphs. She compares
symbolic and diagrammatic approaches to mathematical logic and works out that
the long-standing prejudice against non-symbolic representation in logic, mathe-
matics, and computer science is due to the fact that diagrammatic systems are
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evaluated in terms of symbolic systems. Then, based on her arguments, she recon-
siders Alpha and Beta from iconic aspects and rewrites the reading algorithms,
that is, the translations from graphs to symbolic logic, and the transformation
rules in order to improve their iconicity and naturalness. mathematical precise-
ness. Similar to her approach for Venn diagrams, Shin only uses the graphical
representation of existential graphs (which is quite surprising, as Shin elaborates
carefully the semiotic aspects of existential graphs), which again results in a lack of
mathematical preciseness. Particularly, Shin’s definitions (and later on, theorems
and proofs) cannot be considered to be mathematical. This leads to a mistake in
her reading algorithm, and —even worse— some of her newly implemented trans-
formation rules are not sound [I§]. Finally, Shin does not provide an extensional
semantics for Peirce’s graphs: her reading algorithms are translations to symbolic
logic, thus translations from one formal system to another.

5 Methodologies for Formalizing Diagrams

In the previous sections on seminal work on the historical systems, we already
addressed that from a mathematical point of view, the elaborations of the his-
torical systems are not sufficient due to a lack of formal preciseness. The formal
shortcomings of the seminal works are mainly due to the fact that a general
methodology for a formal elaboration of diagrammatic logics was missing. To
put it more precisely: A thorough scrutiny on how to deal with diagrams (in-
stead of symbolic notations like formulas) was not carried out.

In order to elaborate diagrammatic logics in a solid formal manner, it is cru-
cial to note that we deal with two different entities: A mathematical structure
and its diagrammatic representation. In any diagrammatic representation of a
mathematical structure, we have to disregard certain graphical properties of the
diagrams, while other properties are important. This shall be exemplified with
the following diagrams of Alpha existential graphs in Fig. [1

The shape of the cuts (negation ovals) or the place of propositional variables
and other cuts in the area of a given cut has no significance, thus all diagrams
convey the same meaning. They can be read as ‘it is not true that A and B, but
not C hold’, i.e., ‘A and B imply C”. Peirce did not understand EGs as graphical
entities at all. For him, the three diagrams are not different graphs with the same
meaning, but different representations, i.e., diagrams, of the same graph. This
is a crucial distinction, which obviously corresponds to the distinction between
types (graphs) and tokens (graph replicas), as it is known from philosophy. The
type-token issue if far from being settled; nonetheless, this important distinc-
tion helps us to draw the following conclusion: In any elaboration of a DRS, the

AB(C) (B g (€A

Fig. 7. Three diagrams of one Alpha graph
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diagrams should not be defined as graphical entities. Instead, we need a defi-
nition of mathematical structures which encompass exactly the facts which are
represented in the diagrams, and the diagrams should be understood as (mere)
representations of these structures.

Two thorough discussions on the type-token-issue for DRSs can be found in
[34/17]. Both papers argue that it is essential to provide mathematical defini-
tions for the type-level (called abstract syntax in [34]). For the token-level (called
concrete syntaz in [34]), the papers come to different conclusions: Whereas [34]
argues that the token-level as well as the relationship between these two levels
has to be formally captured as well, [I7] argues that this is in fact not needed.
For the purpose of this paper, this difference has no significance. The crucial
point here is the following: In symbolic approaches to formal logic, once we have
chosen a formula —i.e. a sequence of signs— is chosen, the representation of the
formula is uniquely given. So in symbolic logic, we have only one level of repre-
sentation to deal with. In graph-based DRSs on the other hand, a given graph
can have very different diagrammatic representations. For example, in Fig. [ we
have different representations of the same Alpha graph. So, for representing in-
formation, symbolic and linear notions of logic have a one layer architecture,
and diagrammatic logic systems have a two layer architecture.

The general advantages of this two layer structure for the pragmatics of dia-
grams is already discussed to a large extent [49J6GI6IGRI5T]. It is usually argued
that the additional diagrammatic layer, often referred to as ‘secondary notation’,
provides the essential means to improve the pragmatics of a representation sys-
tem. As Oberlander writes in [57]: “secondary notation is the very stuff of graph-
ical pragmatics—meaningful structures which go beyond the plain semantics of
the system.”

6 Contemporary Systems

The last two decades witness the rise of formal diagrammatic reasoning systems
in two respects: First, more expressive diagrammatic reasoning systems have
emerged and, more importantly, are formalized in a mathematical precise man-
ner. Second, for some of these logics, computer programs have been developed
and applied to various settings. This section summarizes some recent advances
in the field.

6.1 Spider and Constraint Diagrams

Spider diagrams (SDs) and constraint diagrams (CDs) are a DRS based on Euler
circles and Venn-Peirce diagrams. They are elaborated as abstract mathematical
structures, including extensional semantics and inference rules. Their develop-
ment is mainly driven by the Visual Modeling Group in Brighton.

Spider Diagrams. Spider diagrams combine features of Venn diagrams and the
more user friendly Euler diagrams. They can be thought of as extending Venn-II
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Fig. 8. Two spider diagrams

A ]

Fig.9. A compound spider diagram

diagrams. Various different systems exist today, for example [35/36l38/40/74]. In
Figl® two examples of so-called unary SDs are depicted.

The left diagram contains two existential spiders. Fach spider denotes a
uniquely given object (i.e., different spiders necessarily denote different objects).
In contrast to Venn-Peirce diagrams, shading a region does not necessarily mean
the corresponding set is empty. Instead, a region does not contain more elements
than the elements represented by some spiders. So the SDs reads as follows: there
are two sets A and B, the set A — B contains exactly one element, and the set
B contains at least one element. In the right diagram, a third contour represent-
ing a set C is involved. This diagram uses the notions of Euler circles: as the
contour labeled C does not overlap with the A and B-contours, C' and AU B
are disjoimﬂ. Moreover, there are three elements u, v and w (represented by the
three spiders) such that w,v € A and w ¢ A — B. Further, due to its shading,
the set A — B must not contain any other elements than u and v, i.e. it contains
exactly two elements, and A N B must not contain any other elements than w,
i.e., it contains no element or at most one element.

Unary SDs can be propositionally combined with the logical operators M
(‘and’) and U (‘or’). In Fig. [@ an SD which uses these conjunctors is shown.
It has been shown that SDs are equivalent in expressive power to MFOL with
equality [72]; thus they have a higher expressiveness than Venn-II.

Constraint Diagrams. SDs only allow reasoning about sets, namely unary
predicates, and provide no possibility to represent or reason about any sort of
relations. Moreover, as already mentioned, the spiders in SDs are ‘existential

5 The usage of disjoint features in Euler circles has a drawback: not all abstract SDs
are drawable (see [75]).
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Book Title
Fiction name
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w@

NonFiction

Author

Fig. 10. A constraint diagram with a reading tree

spiders’ as they can be read as existentially quantified objects. CONSTRAINT
DIAGRAMS are essentially an extension of SDs with UNIVERSAL SPIDERS (quan-
tifiers) and ARROWSs which represent binary relations. A full constraint notation
was introduced by Kent [42] in an informal manner. Since then, several papers
attempt to elaborate a full mathematical treatment of Kent’s vision, including
syntax, semantics, and a sound and complete calculus for constraint diagrams.
For example, in [26], the syntax and semantics of full constraint diagrams is
developed but a sound and complete calculus is elusive. The first ever constraint
reasoning system (i.e., including a sound and complete calculus) was developed
by Stapleton [73] but compared to Kent’s approach it has several limitations.

An example for a constraint diagram was already given in Fig.[2l In the formal
approach to constraint diagrams, we have both existential and universal spiders,
which renders the formalization of the diagrams difficult, as there is no natural
order placed on the quantifiers. This difficulty is overcome by augmenting each
diagram with a reading tree; the formalization of constraint diagrams can be
found in [25]. An example can be seen in Fig. This diagram expresses that
Book, Title and Author are pairwise disjoint, Fiction and NonFiction form a
partition of Book, and finally every book x has a unique name which is its title
and z has at least one main author.

Applications. For Euler diagrams, the Visual Modelling Group has developed
a diagrammatic theorem prover called Edith[] Edith automates the search for
Euler diagram proofs using a variety of reasoning rule sets and heuristics [71]. For
a given rule set, Edith finds a shortest proof. In Edith, users can create diagrams,
apply rules to write a proof and ask Edith to seek a proof from one diagram to
another. With regard to applications, SDs have been used to detect component
failures in safety critical hardware [12] and (slight variations of them) to represent
non-hierarchical file systems [21] and for viewing clusters which contain concepts
from multiple ontologies [32].

As mentioned in section [l one area that could benefit from the develop-
ment of diagrammatic logics is software engineering. Constraint diagrams were
designed with this application area in mind and extend the spider diagram lan-
guage. Constraint diagrams have been used in a variety of areas including formal

" http://www.cmis.brighton.ac.uk/research/vmg/autoreas.htm
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object oriented specification [37/44] and a visual semantic web editing environ-
ment [51I8T]. Prototype tools to support their use are available from [64].

6.2 Conceptual Graphs

John Sowa’s conceptual graphs (CGs) are based on Peirce’s existential graphs.
Sowa writes that they are an extension of existential graphs with features adopted
from linguistics and AI. The purpose of the system is to express meaning in a
form that is logically precise, humanly readable, and computationally tractable.
CGs are designed to be used in fields like software specification and modeling,
knowledge representation, natural language generation and information extrac-
tion, and these fields have to cope with problems of implementational, mathemat-
ical, linguistic and even philosophical nature. In CGs, we can diagrammatically
represent various entities and logical constructors, like concepts and relations,
individuals, quantifiers, conjunction, different levels of negations, contexts, etc.

In Fig. [Tl three well-known examples of CGs are provided. The graph d; has
the meaning that Yoyo is a cat and Yoyo is on some (unnamed) mat. In da,
so-called contexts are used. The meaning of this graph it that the person Tom
believes the proposition that the person Mary wants the situation that Mary
marries a sailor. In short: The person Tom believes that the person Mary wants
to marry a sailor. Finally, in ds, special contexts denoting negation are used. The
device of two nested negation contexts can be understood as an implication. So
the meaning of the graph is ‘if a farmer owns a donkey, then he beats it’.

Due to the complexity of the system of CGs, it is nearly impossible and
perhaps not even desirable to consider the overall system as an approach to
formal logic. In fact, the whole system of CGs, as described by Sowa, goes beyond
FOL. It can be argued that Sowa’s original system does not fully meet the
requirements of a formal logic system [20], but several fragments of CGs have
been elaborated in a mathematically rigorous manner.

The most prominent fragment are simple CGs, where no sort of context or
negation is used. For this fragment, there does exist a variety of different for-
malizations with different notations which only differ in details. A comprehen-
sive comparison of the different approaches can be found in [39]. For all these

| PERSON: Tom | believe)
\

| CAT: Yoyo |—(on )| MAT:«|

d PROPOSITION:
PERSON: Mary

1
- - SITUATION:
B T [ T:# {marry }{ SAILOR: * |

ds da

Fig. 11. Three conceptual graphs
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approaches, a formal syntax, semantics (either via a translation of CGs to FOL
or via direct model-theoretic approach) and reasoning facilities are provided. Ex-
amples are the works of Prediger and Dau, where the reasoning facilities come in
form of graph transformation rules [QTH52I6T62], works of Chein/Mugnier et al,
where the entailment between CGs are described by meaning-preserving graph
homomorphisms called projections [S[T1I52], or works where so-called standard-
models are considered [I5I61I62]. One can even express “if-then”-statements with
simple CGs, at is has been discussed in [23/52].

Simple CGs with contexts go beyond FOL. For these graphs, there exist dif-
ferent formalizations as well. We want to mention the work of Prediger [61I63],
where the semantics for the graphs is based on triadic Formal Concept Analysis.
Prediger provides a sound and complete set of rules for these graphs. A differ-
ent approach has been taken by Simonet in [69/I0] by translating the graphs to
FOL-formulas, where the contexts are modeled by assigning to each concept box
an additional argument which models the nesting of the box. In this approach,
the notion of projections is accordingly extended.

For CG without contexts, different kinds of negation have been added. First we
have to mention approaches where only relations, but not whole subgraphs, can
be negated. A first step has been taken bay Kerdiles in [43]. Kerdiles extends the
projections of simple CGs to simple CGs with atomic negation. This approach has
been extended in [54U50], where for this framework, different logical approaches —
classical logic, intuitionistic logic, logic with a closed-world semantics— are elabo-
rated and compared. Finally, Klinger provides in [45l46/47] a different FCA-based
approach which extends Predigers work to atomic negation.

Finally, we can consider CGs with full negation, where whole subgraphs can
be negated. Kerdiles considers in [43] full negation as well. A comprehensive ap-
proach to add full negation to CGs is provided by Dau in [13/14/16]. In [I3], Dau
argues that to express full negation to CGs, a new syntactical entity to express
negation has to be added, and he suggests to use the negation ovals of Peirce’s
existential graphs. These CGs with cuts are equivalent to full FOL with equality
and it is equipped with a sound and complete set of graph transformation rules.

CGs have been implemented in a variety of computer programs. Two com-
prehensive frameworks are provided by Amindd and Cogitantl]. Amine is a java
open source platform for the development of intelligent systems and multi-agent
systems covering several topics of the theory of CGs and Al. Cogitant is a set
of C++-classes enabling to easily handle CGs as well as other objects of the
CG-framework like the taxonomies of concepts and relations as well as rules.

7 Discussion

Steps like realizing the importance of the distinction between abstract and con-
crete syntax, the development of sound and complete diagrammatic reasoning

8 http://amine-platform.sourceforge.net
9 http://cogitant.sourceforge.net
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systems or the development of DRS applications show that the research field of
DRSs has made significant progress in the last decade, but there is still much
more to be done.

Diagrammatic representations of information is investigated from various per-
spectives to a large extent, and their usability is sustained both by empirical and
theoretical research. Anyhow, for the particular field of DRSs, this research has
to be conducted to investigate the claim that the diagrams of DRSs are from a
usability point of view superior to symbolic notations. This research must not
be restricted to the diagrams: A distinguishing feature of DRSs is the provi-
sion of diagrammatic reasoning facilities, which thus have to be investigated as
well.

It might be doubted that diagrams are generally easier to understand than
symbolic notations. Instead, though diagrams certainly provide very effective
means of displaying some information (like subset relationships), for other kinds
of statements symbolic notations might turn out to be better suited. For this
reason, developing heterogeneous or hybrid notations that incorporate both sym-
bolic and diagrammatic parts is a promising approach. There has already some
research been conducted in this direction, e.g. [30I76]. In fact, when a formal lan-
guage is developed with the goal of a high usability, the design of the language
depends on the requirements of intended application areas. This might render
finding the right language difficult.

The syntax, semantics and reasoning facilities for DRSs take place on the ab-
stract level. In symbolic notations, there does not exist a distinction between the
abstract and concrete level, which leads to straightforward ways of representing
statements in these notations. For DRSs, the situation is different. For a given
statement on the abstract level, we have to find a convenient concrete represen-
tation. In other words: The automatic drawing of diagrams is a core research
challenge for developing DRSs applications.

Finally, research on theorem provers for DRSs is in its infancy. There is cer-
tainly a need for sophisticated theorem provers which both work in an efficient
way (though it is not a goal to outperform existing theorem provers for symbolic
notations) and which produce proofs where the steps of the proofs are easily
understood by users. Again, such theorem provers are needed to support the
usability claim of diagrams.

The research questions can only be addressed by a joint effort of researchers
from different fields like mathematicians, computer scientists, (cognitive) psy-
chologists, or even designers. Thus it will be challenging to find appropriate an-
swers. Anyhow, as the rise of diagrammatic representations in several computer
science areas like software engineering, knowledge representation or semantic
web shows, solving these questions is of highly practical interest.

Acknowledgment. The author wants to thank Gem Stapleton from the Visual
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Abstract. I use the term logical and relational learning (LRL) to re-
fer to the subfield of machine learning and data mining that is con-
cerned with learning in expressive logical or relational representations.
It is the union of inductive logic programming, (statistical) relational
learning and multi-relational data mining and constitutes a general class
of techniques and methodology for learning from structured data (such
as graphs, networks, relational databases) and background knowledge.
During the course of its existence, logical and relational learning has
changed dramatically. Whereas early work was mainly concerned with
logical issues (and even program synthesis from examples), in the 90s
its focus was on the discovery of new and interpretable knowledge from
structured data, often in the form of rules or patterns. Since then the
range of tasks to which logical and relational learning has been applied
has significantly broadened and now covers almost all machine learning
problems and settings. Today, there exist logical and relational learn-
ing methods for reinforcement learning, statistical learning, distance-
and kernel-based learning in addition to traditional symbolic machine
learning approaches. At the same time, logical and relational learning
problems are appearing everywhere. Advances in intelligent systems are
enabling the generation of high-level symbolic and structured data in a
wide variety of domains, including the semantic web, robotics, vision,
social networks, and the life sciences, which in turn raises new challenges
and opportunities for logical and relational learning.

In this talk, I will start by providing a gentle introduction to the field
of logical and relational learning and then continue with an overview of
the logical foundations for learning, which are concerned with various
settings for learning (such as learning from entailment, from interpreta-
tions and from proofs), with the logical inference rules and generality
relationships used, and the effects they have on the properties of the
search-space. More details can be found in
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Abstract. Formal concept analysis (FCA) has been successfully used
in several Computer Science fields such as databases, software engineer-
ing, and information retrieval, and in many domains like medicine, psy-
chology, linguistics and ecology. In data warehouses, users exploit data
hypercubes (i.e., multi-way tables) mainly through online analytical pro-
cessing (OLAP) techniques to extract useful information from data for
decision support purposes.

Many topics have attracted researchers in the area of data warehous-
ing: data warehouse design and multidimensional modeling, efficient cube
materialization (pre-computation), physical data organization, query op-
timization and approximation, discovery-driven data exploration as well
as cube compression and mining. Recently, there has been an increasing
interest to apply or adapt data mining approaches and advanced sta-
tistical analysis techniques for extracting knowledge (e.g., outliers, clus-
ters, rules, closed n-sets) from multidimensional data. Such approaches
or techniques cover (but are not limited to) FCA, cluster analysis, prin-
cipal component analysis, log-linear modeling, and non-negative multi-
way array factorization. Since data cubes are generally large and highly
dimensional, and since cells contain consolidated (e.g., mean value), mul-
tidimensional and temporal data, such facts lead to challenging research
issues in mining data cubes. In this presentation, we will give an overview
of related work and show how FCA theory (with possible extensions) can
be used to extract valuable and actionable knowledge from data ware-
houses.

1 Introduction

A data warehouse (DW) is an integration of consolidated and non volatile data
from multiple and possibly heterogeneous data sources for the purpose of decision
support making. It contains a collection of data cubes which can be exploited
via online analytical processing (OLAP) operations such as roll-up (increase in
the aggregation level) and drill-down (decrease in the aggregation level) accord-
ing to one or more dimension hierarchies, slice (selection), dice (projection), and

* Partially supported by the Natural Sciences and Engineering Research Council of
Canada (NSERC).
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Table 1. A data cube

City=Montreal City=0Ottawa
Product Year 2005 2006 2007 2005 2006 2007

P1 10 30 25 10 35 40
P2 15 16 155 40 20 35
P3 99 44 66 60 T7 44

pivot (rotation) [I2]. In a multidimensional context with a set of dimensions, a
dimension (e.g., product, location, time) is a descriptive axis for data presen-
tation under several perspectives. A dimension hierarchy contains levels, which
organize data into a logical structure (e.g., country, state and city for the loca-
tion dimension). A member (modality) of a dimension is one of the data values
for a given hierarchy level of that dimension. A fact table contains numerical
measures and keys relating facts to dimension tables. A cube X = (D, M) is a
visual representation of a fact table, where D is a set of n dimensions of the cube
(with associated hierarchies) and M its corresponding measures. The following
table gives the total sales according to product, location and time.

The presentation will be organized as follows. First, we give an overview of
the main issues in data warehousing applications and related advancements. We
then see how some of these issues have been tackled using FCA. Finally, we
discuss the coupling of FCA with Statistics so that some highlighted issues in
data warehousing technology could benefit from suggested couplings.

2 Main Issues in DW

Many topics have attracted researchers in the area of data warehousing: data
warehouse design and multidimensional modeling [I], data integration and clean-
ing, cube decomposition and summarization, materialized view selection, efficient
OLAP query optimization, discovery-driven exploration of cubes, cube reorgani-
zation, data mining in cubes, and so on. In order to avoid computing a whole data
cube, many studies have focused on iceberg cube calculation [37], partial mate-
rialization of data cubes [I6], semantic summarization of cubes (e.g., quotient
cubes [22] and closed cubes [7]), and approximation of cube computation [30].
Recently, there has been an increasing interest for applying/adapting data min-
ing techniques and advanced statistical analysis (e.g., cluster analysis, principal
component analysis, log-linear modeling) for knowledge discovery [2526/29] and
data compression purposes in data cubes [2J34127].

In this presentation, we will focus on physical data organization as well as
materialization, approximation/compression, summarization and mining of data
cubes.

2.1 Optimal Physical Data Organization

Given a query workload on a database or data warehouse and a use-defined
storage constraint, the objective of “optimal” physical data organization is to
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identify the “best” physical data organization (e.g., data indexing and cluster-
ing), i.e. the one that ensures a global optimization of the workload [I1]. When
the physical organization relies mainly on indexing techniques, the optimization
problem consists to identify the optimal set of indices (on table attributes) that
need to be implemented to speed up query execution. Indices reduce significantly
the cost of processing complex queries, but induce an overhead in terms of index
storage and maintenance. To optimize star join queries (i.e., joins between a fact
table and multiple dimension tables), bitmap and join indices (or a combination
of the two types) are commonly used. However, selecting these indices is a diffi-
cult task due to the exponential number of candidate attributes to be indexed.
Most of approaches for index selection follow two main steps: (i) pruning the
search space (i.e., reducing the number of candidate attributes) and (ii) select-
ing indices from the pruned search space using a cost model and statistics about
data. In [5], the first step of index selection exploits alternatively two existing
algorithms for closed itemset generation to identify candidate attributes to be
indexed while the second step relies on a greedy algorithm to select bitmap join
indices that minimize processing and storage costs. A related topic is the (hori-
zontal and vertical) fragmentation of data across a network in distributed data
warehouses.

2.2 Cube Materialization

From a data cube of n dimensions one can generate a lattice of 2" cuboids where
the 0-D cuboid (or apex cuboid) represents the highest summarization while the
p — D cuboids represent the possible combinations of p out of n dimensions. If
each dimension D; has a corresponding hierarchy with L; levels, then the num-
ber of possible cuboids of a data cube of n dimensions is IT;—; ,(L; + 1). Since
the number of cuboids exponentially grows according to the number of dimen-
sions and the size of dimension hierarchies, partial materialization of cuboids is
requested rather than a full one. However, the identification of the “optimal” set
of cuboids to materialize is an NP-hard problem similar to the problem of index
selection and hence most of the proposed techniques rely in part on heuristics
and pruning techniques. The question is the following: can FCA be exploited to
select the cuboids to be materialized by considering concept intents (itemsets) as
combinations of dimensions with some specific features (e.g., frequency, cost)?

Besides cube materialization, one is faced with the following related issues: (i)
how the materialized cuboids can be exploited for efficiently process queries? (ii)
how and when the set of materialized cuboids should be revised when the initial
query workload changes over time? and (iii) how to propagate data changes to
materialized cuboids?

2.3 Cube Approximation and Compression

Approximate query answering in data warehouses has been used in order to
accelerate aggregate computation and query execution at the expense of some
information loss. Existing work has been conducted based mainly on sampling
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[2], clustering [38], wavelets [10] or maximum entropy principle [28]. Palpanas et
al. [28] propose an approach based on information entropy to (i) detect devia-
tions, and (ii) estimate the original multidimensional data from aggregates for
approximate query answering purposes. A wavelet-based approach is used in [10]
to approximate query answering, and proves to be more effective than sampling
techniques. In a similar spirit, [30] uses the probability density distribution of
data in order to propose a compressed representation of data cubes which reduces
data storage and leads to approximate answers to aggregate queries. In [29], an
approach based on log-linear modeling is used to identify exceptions in data
cubes by comparing anticipated cell values against actual values. In [3)4], log-
linear modeling is used for data compression. In [27], two kinds of probabilistic
models, namely log-linear models and non negative multi-way array factoriza-
tion are used for data approximation through parsimonious model selection,
data mining through component (cluster), outlier and association extraction,
and approximate query answering.

2.4 Cube Mining

Substantial work has been conducted for data mining in data warehouses [15].
This includes (but is not limited to) outlier detection in multidimensional data
[21], cubegrade generation [I7], constrained gradient analysis [13], association
rule mining, and discovery-driven examination of cubes [29]. To the best of our
knowledge, Kamber et al. [20] were the first who addressed the issue of mining
association rules from multidimensional data. They introduced the concept of
metarule-guided mining which consists in using rule templates defined by users
in order to guide the mining process. Cubegrades are a generalization of asso-
ciation rules and express the significant changes that affect measures when a
cube is modified through specialization (drill-down), generalization (roll-up) or
mutation (switch). Tjioe and Taniar [32] propose a method for extracting asso-
ciations from multiple dimensions at multiple levels of abstraction by focusing
on summarized data according to the COUNT measure. In order to do so, they
prepare multidimensional data for the mining process according to a set of al-
gorithms which prune all rows in the fact table which have an aggregate value
less than a predefined one.

3 FCA and Data Warehousing Technology

To date, FCA has been used to mainly handle the following topics of the data
warehousing technology:

— Cube visualization using nested line diagrams [31]
— Cube summarization [8l24]
— computation of closed patterns in 3-D [I8/19] and n—ary relations [9]

In [31], the design of conceptual information systems is described and the
utilization of visualization techniques for their exploration is discussed with an
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application to OLAP-based systems. In order to handle the problem of data cube
computation and manage data storage and query processing in an efficient way,
Lakshmanan et al. [22] have introduced the notion of quotient cube as a succinct
summary of a data cube that saves the roll-up/drill-down semantics. Such a cube
is produced through a partitioning method (not related to FCA) that groups
cube cells into equivalent classes. To propagate data changes to a pre-computed
quotient cube, incremental algorithms based on concept lattice construction are
proposed in [24]. Recently, Casali et al. [8] have proposed a lattice-based ap-
proach which computes the cube closure over a multidimensional search space
(a cube lattice), and define the notion of closed cube lattice which is isomorphic to
both the concept lattice and the quotient cube. The latter can be derived from
the closed cube given a closure-based characterization. In [I8/I9], approaches
towards generating closed sets from 3-D relations are proposed. Based on the
theory of trilattices [23] as concept lattices constructed from triadic contexts,
the work in [I8] proposes an algorithm called TRIAS which extracts tri-concepts
from ternary relations. With the same objective in mind, Ji et al. [19] propose
CUBEMINER as an algorithm for generating closed ternary patterns from ternary
tables by splitting the data collection into smaller groups and frequently check-
ing the unicity of generated closed patterns. In [9], a constrained-based mining
procedure named DATA-PEELER extracts from n—ary (multidimensional) tables
all closed n—sets that satisfy piece-wise (anti)-monotonic constraints.

4 What Can Statistics Do for Data Warehouses and
Formal Concept Analysis

In large data collections in general and in data warehouses in particular, one
complex task is to reduce the dimensionality of data before conducting any
data analysis and mining task. This is necessary to help the user get a human
readable knowledge from the data. For this purpose, statistical and machine
learning methods have been proposed based either on feature selection (e.g.,
fractals) or data extraction (e.g., principal component analysis). The challenge
is to reduce the dimensionality without significant loss in data. The questions
to be raised are as follows: what can these methods bring to FCA? Can they be
combined with the FCA methods? The approach from the FCA side for multi-
dimensional data analysis consists to use trilattices [23] or in general polyadic
FCA [31].

In [36], Wolff compares some methods of graphical data analysis. These are
factor analysis, principal component analysis, correspondence analysis, cluster
analysis, multidimensional scaling, partial order scalogram analysis and FCA
(line diagrams). All these methods, except FCA, use a projection in the plane
that leads to some loss of information. In [I4], the authors focus on a comparison
between correspondence analysis and FCA and notice that the exact representa-
tion of data obviously has the drawback that even small many-valued contexts
may have large concept lattices. However, nested line diagrams and atlas decom-
positions are useful to display concept lattices of a reasonable size. For large size
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collections, a preprocessing step is needed to prune or combine some attributes
or objects to get “generalized” ones even before dimension reduction.

The combinatorial explosion of the size of concept and implication (or asso-
ciation rule) sets is not the only limitation of FCA. Another weak point from
exact representation is its vulnerability to even small changes on the data. To-
wards settling this problem, there are many attempts: association rules have
been introduced, based on some statistical measures, as an alternative to exact
rules (implications); Iceberg concepts or frequent closed itemsets are proposed to
prune the concept set; Alpha Galois concepts [33] and fault-tolerant patterns [6]
are proposed as replacement for concepts.

From these observations, we expect that combining FCA and statistics might
be a good compromise and will be useful to data warehousing technology as
well as FCA. In [35] the author shows how Formal Concept Analysis and Statis-
tics can benefit from each other strengths. Now, how can we combine FCA and
Statistics? One approach could be to analyze statistical methods and develop
their FCA counterparts, or to develop conceptual foundations of Statistics. This
includes the study of how data analysis techniques such as biplot, principal
component and correspondence analysis can be coupled with FCA techniques to
produce concept lattices of factors where a factor is a combination of attributes.
Concerning conceptual foundations of Statistics, the efforts will be put on inves-
tigating how the carrier set in measure theory (o-algebras) can be replaced by
complete lattices (carrier set of concepts). This should be intimately related to
valuations on lattices.
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Abstract. This paper deals with A.N. Prior’s analysis of the concepts of
dynamic and static time, i.e., McTaggart’s so-called A- and B-concepts. The re-
lations and mutual dependencies between these temporal concepts are investi-
gated, and Prior’s response to McTaggart’s views is discussed. Furthermore,
Prior’s notion of branching time is analysed. It is argued that Prior can be criti-
cized for identifying ‘plain future’ with ‘necessary future’. Finally, Prior’s four
grades of tense-logical involvement are introduced and discussed. It is argued
that the third grade is the most attractive from a philosophical point of view.
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1 Introduction

The 20™ century has seen a very important revival of the formal studies of temporal
concepts. The most important contribution to the modern logic of time was made in
the 1950s and 1960s by A. N. Prior (1914-1969). In his endeavours, Prior was greatly
inspired by ancient and medieval thinkers and especially their work on time and logic.
In fact, his introduction of modern temporal logic may be conceived as a rediscovery
and a reformulation of the ancient and medieval logic of time. Following this long
tradition, Prior held that logic should include the study of temporal reasoning.

Prior pointed out that when discussing the temporal aspects of reality we use two
different conceptual frameworks, the A-concepts (corresponding to dynamic time)
and the B-concepts (corresponding to static time). These two sets of concepts had
been introduced by J.M.E. McTaggart (1866-1925). In his temporal logic, Prior logi-
cally analysed the tension between McTaggart’s A-concepts and B-concepts. In addi-
tion, Prior introduced an elaborated notion of branching time, and using this notion,
he demonstrated that there are four different ways to answer the fundamental ques-
tions about the tension between A- and B-concepts.

It turns out that this discussion of temporal logic is closely related to the ancient
and medieval debates on the fundamental problems in philosophy regarding human
freedom and (in)determinism. Using the idea of branching time Prior demonstrated
that there are in fact models of time which are logically consistent with his ideas of
free choice and indeterminism.

After Prior’s founding work in temporal logic, a number of important concepts
have been studied within this framework. It has turned out that Prior’s temporal logic
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is essential for the formal and logical analysis of important philosophical ideas such
as ‘free choice’, ethical responsibility, indeterminism, and ‘the passage of time’. The
introduction of time into logic has also led to the development of formal systems
which are particularly well suited to representing and studying temporal phenomena
in computer science such as temporal aspects of program execution, temporal data-
bases, and time in natural language processing.

In section 2 of this paper McTaggart’s ideas on dynamic and static time will be in-
troduced. Prior’s response to these ideas will be discussed in section 3. The various
ideas of branching time will be discussed in section 4, and in section 5 I intend to
discuss Prior’s use of these ideas of branching time in his formal formulation of the
four grades of tense-logical involvement. It will be argued that Prior’s analysis of
McTaggart’s ideas on time, as well as his further elaboration of the ideas constitutes
an interesting framework which can be useful within the philosophical study of time
as well as within the formal studies of temporal relationships and processes.

2 McTaggart’s Ideas on Dynamic and Static Time

In his famous paper, “The Unreality of Time” [1908], J.M.E. McTaggart offered an
early discussion of tensions between dynamic and static time and of the relations
between time and tense. He also offered a paradox which in fact gave rise to an argu-
ment in favour of the unreality of time. However, McTaggart’s ideas had no signifi-
cant role to play in relation to temporal logic before Prior published his analysis of the
paradox, and it would be misleading to see these early ideas as a proper theory of
tenses. McTaggart’s ideas were carefully discussed in C.D. Broad’s “Examination of
McTaggart’s Philosophy” published in [1938], and the analysis of McTaggart’s so-
called paradox became very important in the philosophical debate about time in the
1970s and later mainly because of Prior’s analysis, which was in fact partly influ-
enced by Broad’s work. In particular, the debate has turned out to be crucial when it
comes to an understanding of the relations between time and tense.

The distinction between the logic of tenses and the logic of earlier and later (in
terms of instants or in terms of durations) is essential for the understanding of modern
temporal logic. This distinction was introduced by McTaggart in his famous paper
mentioned above [1908], which was restated in his book The Nature of Existence
[1927]. In this paper McTaggart suggested the distinction between the so-called A-
and B-series conceptions of time. According to the A-series conception, the tenses
(past, present, and future) are the key notions for a proper understanding of time,
whereas the earlier-later calculus is secondary. According to the B-series conception
time is understood as a set of instants organized by the earlier-later relation, whereas
the tenses are secondary. McTaggart explicitly identified and discussed this basic
dichotomy between the A-series and the B-series.

McTaggart himself arrived at the conclusion that A-concepts are more fundamental
than B-concepts. He did not, however, use this analysis as an argument in favour of
A-theory. On the contrary, he used it for a refutation of the reality of time. He argued
that A-concepts give rise to a contradiction - which has become known as
‘McTaggart’s Paradox’. Due to this putative contradiction within the fundamental
conceptualisation of time, he went on to claim that time is not real, since the idea of
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time understood in terms of the A-concepts on his view turns out to lead to a contra-
diction.

The core of McTaggart’s argument is that the notions of ‘past’, ‘present’ and ‘fu-
ture’ are incompatible predicates which are nevertheless applicable to all events. In
his own words:

Past, present, and future are incompatible determinations... But every event
has them all. If M is past, it has been present and future. If it is future, it will be
present and past. If it is present, it has been future and will be past. Thus all
three characteristics belong to each event. How is this consistent with their be-
ing incompatible? [McTaggart 1927, in Poidevin and MacBeath p.32]

McTaggrt’s argument is based on the following three assumptions:

(1) The A-concepts (‘past’, ‘present’, and ‘future’) are real.

(2) The three predicates (‘past’, ‘present’, and ‘future’) are supposed to be
mutually exclusive — given that any concrete event happens just once
(even though a type of event may be repeated).

(3) Any of the three predicates can be applied to any event.

In a book on history, it makes sense to speak of ‘the death of Queen Anne’ as a
past event - call it e;. However, according to (3) e; can also be future. This could be
the case if the event is discussed in a document written in the lifetime of Queen Anne.
In such a document it could certainly well make sense to speak about her death as a
future event. Apparently, according to (2) this gives rise to an inconsistency, since
how can e; be both past and future — and present as well, by a similar argument? The
answer must be that there is another event e,, relative to which for instance e; has
been present and future, and is going to be past. Now, the same kind of apparent in-
consistency can be established with respect to e,, and the problem can only be solved
by introducing a new event e;, for which a new apparent inconsistency will arise etc. -
which seems to mean that we have to go on ad infinitum in order to solve the incon-
sistency. The consequence appears to be that the inconsistency can never be resolved.
McTaggart concludes that it must be a mistake to use of the A-concepts as describing
something real about the events.

3 Prior’s Response to McTaggart’s Ideas

At first Prior did not consider the writings of McTaggart to be relevant in relation to
the ideas of temporal logic. However, later he clearly realised the importance of
McTaggart’s distinctions in relation to the basic ideas in temporal logic. Since then,
the notions and arguments in McTaggart’s paper have become an important ingredi-
ent, of all major treatments of the philosophical problems related to the various kinds
of temporal logic and their mutual relations.

It was Peter Geach who sometime in the early 1960s made Prior aware of the
importance and relevance of McTaggart’s distinction between the so-called A- and B-
series conceptions of time [Prior 1967, p. vi]. Prior’s interest in McTaggart’s observa-
tions was first aroused when he realised that McTaggart had offered an argument to
the effect that the B-series presupposes the A-series rather than vice versa [1967, p.2].
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Prior was particularly concerned with McTaggart’s argument against the reality of
tenses. He pointed out that the argument is in fact based on one crucial assumption,
which can certainly be questioned. In his own words: “McTaggart’s underlying as-
sumption, which generates each of the moves that lead us to a contradiction, appears
to be that ‘has been’, ‘will be’, and the strictly present-tense ‘is’ must be explicated in
terms of a non-temporal ‘is’ attaching either an event or a ‘moment’ to a ‘moment’.
McTaggart himself observes, however, that ‘propositions which deal with the place of
anything in the A-series such as ‘The battle of Waterloo is in the past’, and ‘It is now
raining’, are of a kind which can be ‘sometimes true and sometimes false’. The ‘is’
that occurs in such propositions therefore cannot be non-temporal.” [1967, p.6] In
this way Prior’s analysis clearly demonstrates that McTaggart’s assumption is in fact
very controversial. Nevertheless, Prior’s studies brought renewed fame to
McTaggart’s argument.

Prior clearly agreed with McTaggart in rejecting the static view of time, i.e., the
view based on the B-concepts. In Prior’s opinion, the reality of everything including
our own existence in the world should definitely not be conceived as “a timeless tap-
estry”. In his view the static view of time is mistaken. In his own words:

I believe that what we see as a progress of events is a progress of events, a
coming to pass of one thing after another, and not just a timeless tapestry with
everything stuck there for good and all... This belief of mine... is bound up
with a belief in real freedom. One of the big differences between the past and
the future is that once something has become past, it is, as it were, out of our
reach - once a thing has happened, nothing we can do can make it not to have
happened. But the future is to some extent, even though it is only to a very
small extent, something we can make for ourselves.... if something is the work
of a free agent, then it wasn’t going to be the case until that agent decided that
it was. [Copeland 1996, p. 47-8]

During the 20th century there has been much debate concerning A- and B-series
conceptions of time and concerning the validity of McTaggart’s argument and the
various reformulations of it. Some authors like David Mellor have maintained that
there is a valid version of the argument, which should in fact force us to reject the
tense-logical view of time, i.e., the A-series conception. According to Mellor, nothing
in reality has tenses and “the A-series is disproved by a contradiction inherent in the
idea that tenses change” [Mellor 1981, p.89]. Others have followed Prior in holding
that all versions of McTaggart’s argument are flawed. In his careful analysis of
McTaggart’s paradox, William Lane Craig [2000a, p.169 ff.] has argued that no con-
tradiction need be involved in a proper formalization of the A-series, and it may be
concluded that McTaggart’s argument is simply misdirected as a refutation of the
tensed theory of time [Craig 2000a, p.207]. McTaggart’s paradox can be solved if
iterated tenses like PF and FP are introduced. It may be seen as part of McTaggart’s
argument that in this way we shall need still longer iterated tenses (like PPF, FFPF,
PPFFP, ...) in order to solve the apparent contradiction, and we thereby have to deal
with the problems of an infinite regress of this kind. It is, however, not obvious that
any serious logical problem would follow from such an infinite regress. In addition, as
Richard Sylvan [1996, p.122] has argued, the construction of iterated tenses in
response to McTaggart’s argument will probably not give rise to a proper infinite
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regress since “expressivewise the regress stops” as a consequence of the logical prop-
erties of the tense logic in question. The point is, that it is likely to be the case in all
relevant tense-logical systems that the number of non-equivalent (iterated) tenses is
finite. This statement may be seen as a generalisation of Hamblin’s famous fifteen-
theorem for dense time (see [@hrstrgm and Hasle 1995 p.176 ff.]).

McTaggart’s paradox is clearly related to the problem of truth in temporal logic.
What makes a statement like, ‘It is now four o’clock’, true or false? As Poidevin and
MacBeath [1993, p.2] have clearly described in their account of modern philosophy
of time, this question can be answered in two different ways. The A-theorists say that
the statement “It is now four o’clock™ is true if and only if the time we have given the
name “four o’clock™, is in fact present. The B-theorists, on the other hand, claim that
there are no tensed facts. According to their view the statement “It is now four
o’clock” is true if and only if the utterance is made at four o’clock. Similarly, the A-
theorists claim that the statement “Julius Caesar was killed” is true because Julius
Caesar was in fact killed, whereas the B-theorists say that this statement is true
because the time of utterance is after the killing of Julius Caesar. In this way the A-
theorists hold that tensed statements have tensed truth-conditions, while the
B-theorists find that tensed sentences are made true or false by tenseless truth-
conditions. In their book Poidevin and MacBeath [1993] have presented A.N. Prior
and D.H. Mellor as prominent representatives of respectively the A- and the B-view.

It may be useful to consider the formal aspects of the A- and B-notions a little
closer. In order to do so we first of all have to deal with the general features of the
tense-logical formulae which are essential for the formulation of the A-series concep-
tion. These formulae can be introduced inductively by the following rules of well
formed formulae (wff):

1) any propositional variable is a wff

(ii) if ¢ is a wff, then ~¢ is also a wff

(ii1) if p and ¢ are wffs, then (¢ A @) is also a wif
@iv) if ¢ is a wff, then Fg is also a wff

v) if ¢ is a wff, then Py is also a wff

(vi) nothing else is a wff.

As we shall see in the following, an A-theorist would probably at this point like to
add a formalism of instant propositions. The B-theorists, on the other hand, would
probably emphasise the need for truth-conditions established in terms of a model M =
(TIME,<,v), where TIME is a set of temporal elements like instants or durations, < is
a binary relation on TIME (corresponding to ‘before’), and v is a valuation function
from TIME and the set of propositional variables to {0,1}. The expression v(z,p) is
said to be the truth-value of the propositional variable p at ¢. Given such a model, the
notion of truth for any tense-logical formula can be given by the following inductive
definition:

s

M, tgpifvitp) =1

M, ¢ ~goifnotM,t|=go

M, tE(p A @)ifM,t Fpand M, F ¢
M, tF Fo if M,t’ F ¢ for some ¢ with <t’
M, t F Pp if M,t’ F ¢ for some ¢’ with ¢’<t.

s

s
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If M,z |= @ the proposition ¢ is true at ¢ according to the model M. The B-theorist
will emphasise that in this way, truth of the tense-logical formulae of the object lan-
guage is defined in terms of a tenseless metalanguage. For this reason, the B-theorist
will point out that the A-language clearly depends on the B-language. Obviously, the
A-theorist has to follow another line of argumentation. It seems that at least two op-
tions are open for him.

The first possibility for the A-theorist when he wants to respond to the criticism
from the B-theorist was explicitly formulated by A.N. Prior, according to whom there
is no sharp distinction between an object language and a metalanguage. Using what is
now called a hybrid logic (see Braiiner [2002a]), in which the instants are just a spe-
cial kind of propositions, Prior was able to define T(z,¢) (standing for ‘g is true at ¢’)
for any tense-logical formula, ¢, in terms of the tense-logical language itself. Such
instant-propositions describe the world uniquely at any given instant, and are for this
reason also called world-state propositions. Like Prior we shall use a, b, c, ... as in-
stant-propositions instead of #,, t,, ... In fact, Prior assumed that such propositions are
what ought to be meant by ‘instants’:

A world-state proposition in the tense-logical sense is simply an index of an
instant; indeed, I would like to say that it is an instant, in the only sense in
which 'instants' are not highly fictitious entities. [Prior 1967, p.188-89]

The traditional distinction between the description of the content and the indication
of time for an event is thereby dissolved. Prior listed the following three axioms for
instant propositions:

11 Fa:a
12) ~0O~a
13) O(a Dp) vola >~p)

Formally, this means that the symbolic language has to be extended with standard
quantification theory and with a necessity operator o (its dual possibility operator ¢
defined as ~o~).

Intuitively, an instant proposition may be conceived as a conjunction of all propo-
sitions belonging to a maximal consistent set of well formed formulae.

Prior argued that there is a basic flaw in McTaggart’s argument. According to his
view, the contradictions arise from an attempt at forcing the A-series notions into a B-
series framework [1967, p.6]. Prior argued that events may be described in terms of
instant-propositions, of which it also holds that they ‘happen’, i.e. are true, exactly
once. Using a as an arbitrary instant proposition, McTaggart’s claim that the three
tense-logical predicates are mutually exclusive can be formulated as:

a > (~Pa A ~Fa)
Pa o(~a A ~Fa)
Fa >(~a A ~Pa)

Here Pa stands for ‘it has been the case that a’, whereas Fa stands for ‘it will be
the case that a’. McTaggart’s other claim that any event can be past, present, and
future, can be expressed in the following way, where the I-operator stands for ‘the
present’:
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la > (PFa A FPa)
Pa o (Pla A PFa)
Fa 5(FPa A Fla)

But no contradiction follows from these 6 theses above. It is thus revealed that
McTaggart’s paradox is in no way a cogent argument against the A-series notions, let
alone the reality of time. Prior concluded that McTaggart’s argument could not shake
his fundamental belief in the ontological status of the tenses. Prior maintained that
tense logic embodied a crucial ontological and epistemological point of view accord-
ing to which “the tenses (it will be, it was the case) are primitive; only present objects
exist” [Prior & Fine, 1977, p.116]. To Prior, the present and the real were one and the
same concept. Shortly before he died, he formulated his view in the following way:
“...the present simply is the real considered in relation to two particular species of
unreality, namely past and future.” [Prior 1972, p.320]

The second possibility for the A-theorist when he wants to respond to the criticism
from the B-theorist is the use of so-called homophonic theories of truth in which the
constructions of the object language are interpreted in terms of analogous construc-
tions of the metalanguage. Torben Braiiner [2002a] has demonstrated that tense logics
permit the existence of such a homophonic theory of truth, provided that they are
stronger than the rather basic tense-logical system K. It seems that Prior never at-
tempted to work out the details of a homophonic theory of truth. However, as pointed
out by Torben Braiiner [2002b], Prior was clearly aware of the possibility of a homo-
phonic theory of truth as it is evident from the following quotation:

The function of the operator F, in short, is that of forming a future-tense state-
ment from the corresponding present-tense one, and the future-tense statement
is not about the present tense one, but is about whatever the present tense
statement is about. . . . But although the statement ‘It will be the case that Pro-
fessor Carnap is flying to the moon’, that is, ‘Professor Carnap will be flying to
the moon’, is not exactly a statement about the statement ‘Professor Carnap is
flying to the moon’, we may say that the future-tense statement is true if and
only if the present-tense statement will be true. [Prior, 1957, pp. 8-9]

It seems clear from the extensive debate that a valid version of McTaggart’s argu-
ment can only be established if some additional philosophical assumptions are made.
None of them represent a priori impossible positions. On the other hand, they can all
be questioned. For this reason, it may be concluded that it is still logically possible to
hold any of the two main positions, the A-theory and the B-theory. In fact, as we shall
see in section 5, Prior demonstrated that various relevant variations of the positions
should be taken into consideration.

4 The Ideas of Branching Time

The idea of branching time had not yet been formulated in Prior’s Time and Modality
[1957], which otherwise marked the major breakthrough of the new logic of time. As
an explicit (or formalised) idea, branching time was first suggested to Prior in a letter
from Saul Kripke in September 1958 [now kept at The Prior collection, Bodleian
Library, Oxford]. This letter contains an initial version of the idea and a system of
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branching time, although it was of course not worked out in detail. Kripke suggested
that we may consider the present as a point of ‘rank 0’, and possible ‘events’ or
‘states’ at the next moment as points of ‘rank 1’; for every such possible state in turn,
there would be various possible future states at the next moment from ‘rank1’, the set
of which could be labelled ‘rank2’, and so forth. In this way it is possible to form a
tree structure representing the entire set of possible futures expanding from the pre-
sent (rank 0) - indeed a set of possible futures can be said to be identified for any
state, or node in the tree. In this structure every point determines a subtree consisting
of its own present and future.

0 0 0 0

Rank 0 Rank 1 Rank
Fig. 1. Branching time according to Saul Kripke, 1958

Prior clearly found this view of time highly interesting, and in the following years
he substantially developed it. He worked out the formal details of several different
systems, which constitute different and even competing interpretations of this idea, as
we shall see below. Eventually, he incorporated the idea of branching into the concept
of time itself. In his Past, Present and Future [1967] he made extensive use of the
idea in the presentation of his tempo-modal systems.

In order to describe the semantics for these systems, Prior [1967, p.126 ff.] needs a
notion of ‘chronicles’ or ‘histories’, i.e., maximal and linear subsets in (TIME,<).

It is important to point out that the branching time systems which Prior developed
formally are all backwards linear. This means that there is a unique past relative to
any moment in the branching time system. There are no ‘alternative pasts’. In this
way the asymmetry between past and future is introduced in a very clear manner.

Given Prior’s notion of instant-propositions, the interpretation of the branching
time models becomes rather interesting. On this view, every point (or moment) corre-
sponds to an instant-proposition which is in fact maximal in the sense that it implies
everything which is true i.e. everything which is, has been, will be or could have been
the case. In this sense, every point of the diagram reflects (or includes) the totality of
the branching time diagram.

Prior discussed two models of branching time, the Ockhamistic and the Peircean.
Prior introduced these names because the Ockhamistic logic is very similar to the
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Now

Fig. 2. An Ockhamistic model of branching time. At every branching point there will be one
possible future which is the “true future”.

Now

Fig. 3. A Peircean model of branching time. There is no difference between the status
of the possible futures at any branching point.

logic suggested by the medieval philosopher William of Ockham (ca. 1285-1349),
and because the Peircean logic is based on some ideas of indeterminism which can be
found in the writings of C.S. Peirce (1839-1914). Graphically, the two kinds of
branching time models can be presented in the following way:

The semantics corresponding to these branching time models can be established in
the following way: An operator Ock is an Ockhamistic valuation operator in a given
Ockhamistic structure, if for any temporal instant 7 in any chronicle ¢ (i.e. t € ¢) and
any tense-logical statement p, Ock(t,c,p) is a meta-statement which can be read ‘p is
true at ¢ in the chronicle ¢’
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(a) Ock(t,c, p A q) iff both Ock(t,c,p) and Ock(t,c,q)
(b) Ock(t,c,~p) iff not Ock(t,c,p)

(e) Ock(t,c,Fp) iff Ock(t’,c,p) for some ¢’ € ¢ withr < ¢’
(d) Ock(t,c,Pp) iff Ock(t’,c,p) for some ¢’ € ¢ witht’ <t
(e) Ock(t,c, op) iff Ock(t,c’,p) for all ¢’ with t € ¢’

If these conditions hold (TIME,<,Ock) is said to be an Ockhamistic structure. — A
formula p is said to be Ockham-valid if and only if Ock(t,c,p) for any ¢ and ¢ (with ¢ €
¢) and any Ockhamistic structure.

As we shall see, it may be doubted whether Prior’s Ockhamistic system is in fact
an adequate representation of the tense logical ideas propagated by William of Ock-
ham. At least Ockham’s notion of truth seems to differ from the idea used in the pres-
entation of Prior’s Ockhamistic system. On the other hand, it should be noted that
Prior’s Ockhamistic system appears to comprehend at least all the theorems which
should be accepted according to Ockham’s original ideas. Let us, for instance, con-
sider one tense logical formula:

q D HFq

where H is defined as ~P~. A straightforward reading of this formula would be: “if
something is the case now, then it has always been going to be the case”. It is obvious
from the above definitions that Ock(t,c,q > HFq) for any ¢ and any c¢ with ¢ € c.
Therefore ¢ > HFq is a theorem in Prior’s Ockhamistic system.

Likewise Pg > oPq (where F does not occur in g) is obviously a theorem, whereas
the formula PFg > oPFgq is not a theorem in the system. This difference corresponds
exactly to the difference between proper past (i.e. a proposition like Pg about the past
which g does not depend on the future) and pseudo-past (i.e. a propostion like PFg
which may depend on the future).

The Peircean structure can be defined in a manner very similar to Prior’s Ock-
hamistic definition. Only the semantics of F would differ. According to Prior’s defini-
tion of Peircean truth:

Peirce(t,c,Fp) if and only if for all ¢’ with ¢t € ¢’
Peirce(t’,c’,p) holds for some " € ¢’ witht < ¢’

This definition appears to be in very good accordance with the ideas of C.S. Peirce,
who rejected the very idea that statements regarding the contingent future could be
true. In fact, it is evident that the Peircean system can be seen as a fragment of the
Ockhamistic system. It is obvious that the Peircean F corresponds to the Ockhamistic
oF. This means that according to the Peircean model “tomorrow” is identified with
“necessarily tomorrow”. As seen from natural language as well as from a common
sense point of view this is rather problematic. A number of important statements in
everyday discourse simply cannot be precisely represented in terms of the Peircean
theory.

On the basis of the Ockhamistic view, on the other hand, it is straight forward to
construct a model according to which “tomorrow”, “possibly tomorrow”, and “neces-
sarily tomorrow” will be three different notions. In such a model we may not only

refer what happens in some possible future, ?Fg, and to what happens in all possible
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futures, OFg, but we may also refer what is going to happen in the future, Fg, as

something conceptually different from the possible as well as the necessary future.
The great achievement of the Ockhamistic system could arguably be said to be its

property of making a genuine distinction between the following three types of statement:

1) Necessarily, there will be a sea battle tomorrow.
(i) Possibly, there will be a sea battle tomorrow.
(iii) There will be a sea battle tomorrow.

However, in the Peirce-system the type of future statement seen in (iii) will have to
be interpreted as equivalent with (i). There is no ‘plain future’ in this system. Of
course, that is not a consequence of sloppiness on Peirce’s side, but rather it is a de-
liberate and philosophically motivated choice. This is also in good accordance with
the fact that the formula ¢ > HFq is not a theorem in Prior’s Peircean system.

It may be doubted, however, whether Prior’s Ockhamistic system is in fact an ade-
quate representation of the tense logical ideas propagated by William of Ockham.
According to Ockham, God knows the contingent future, so it seems that he would
accept an idea of absolute truth, also when regarding a statement Fg about the contin-
gent future - and not only what Prior has called “prima-facie assignments” [1967,
p.126] like Ock(t,c,Fq). That is, according to Prior’s model such a proposition can be
made true ‘by fiat’ simply by constructing a concrete structure which satisfies it. But
Ockham would accept that Fg could be true at ¢ without being relativised to any
chronicle. This view could be called the true futurist theory. In order to represent this
idea satisfactorily we need a function TRL, which gives the true future for any mo-
ment of time, ¢, in the branching time system. This means that TRL can not only be
used to find the true future relative to any moment which has been, is, or will be pre-
sent. The function should in fact work for any moment in the branching time system.
More precisely, TRL(f) yields the chronicle corresponding to linear past as well as the
true future of #; Belnap and Green call it “the thin red line” [1994]. But how can
TRL(?) be specified? Belnap and Green have argued that:

(TRL1) te TRL(Y)
should hold in general. Moreover, they have also maintained that:
(TRL2) t;<t, > TRL(t;) = TRL(t,)

should hold for the TRL-function. On the other hand, they have argued that the com-
bination of (TRL1) and (TRL2) is inconsistent with the very idea of branching time.
The reason is that if (TRL1) and (TRL2) are both accepted, it follows from ?; < t, that

t; € TRL(t;), i.e. that all moments of time after #; would have to belong to the thin red

line through ¢;, which means that there will in fact be no branching at all. However, it
is very hard to see why a true futurist would have to accept (TRL2), which seems to
be too strong a requirement. Rather than (TRL2), the weaker condition (TRL2') can
be employed:

(TRL2") (1, <t At e TRL(t;)) D TRL(t;) = TRL(t,)

This seems to be much more natural in relation to the notion of a true futurist branch-
ing time logic. Belnap has later accepted that (TRL2') is a relevant alternative to
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(TRL2) (see [Belnap et al. 2001 p.169]). I have argued elsewhere [2009] that the
theory based on (TRL1) and (TRL2’) can be defended against any attack formulated
against it so far. It is also interesting to note that the true futurist theory may, as ar-
gued by Craig [1988, p.175], be understood as a formal version of the theory sug-
gested by the Jesuit Luis Molina (1535-1600).

One interesting application of the Ockhamistic approach relevant within the study
of user interaction with computer systems should be mentioned: A model based on
Prior’s Ockhamistic temporal logic may be interpreted as including a dynamic plan
i.e. a plan including alternative plans corresponding to any possible choice made by
the person(s) in question. This means that the model should at least include a default
choice or a suggested choice (i.e. an advice to the user) whenever there are alternative
futures. This plan is supposed to lead the user to the best possible outcome given the
choices of the user.

5 Four Grades of Tense-Logical Involvement

Prior suggested a distinction between four possible grades of tense-logical involve-
ment corresponding to four different views of how to relate the A-notions (past, pre-
sent and future) to the B-notions (‘earlier than’, ‘later than’, ‘simultaneous with’):

1. The B-notions are more fundamental than the A-notions. Therefore, in princi-
ple the A-notions have to be defined in terms of the B-notions.
2. The B-notions are just as fundamental as the A-notions. The A-notions cannot

be defined in a satisfactory manner in terms of the B-notions (and vice versa).
The two sets of notions have to be treated on a par.

3. The A-notions are more fundamental than the B-notions. There is also a primi-
tive and fundamental notion of (temporal) possibility. In principle the B-
notions have to be defined in terms of the A-notions and the primitive notion of
temporal possibility.

4. The A-notions are more fundamental than the B-notions. In principle the B-
notions have to be defined in terms of the A-notions. Even the notion of tempo-
ral possibility can be defined on terms of the A-notions.

Understood in this way, it is obvious that Prior’s four grades of tense-logical in-
volvement (see [@hrstrgm and Hasle 1995 p.176 ff.]) represent four different views of
time and also four different foundations of temporal logic.

The first grade defines tenses entirely in terms of objective instants and an earlier-
later relation. For instance, a sentence such as Fp, ‘it will be the case that p’, is de-
fined as a short-hand for ‘there exists some instant ¢ which is later than now, and p is
true at £, and similarly for the past tense; these definitions are, of course:

(DF) T(t,Fp) =aos ;2 t<t; A T(11,p)
(DP) T(t,Pp) = 4oy 12 1<t A T(11,p)
Tenses, then, can be considered as mere meta-linguistic abbreviations, so this is the

lowest grade of tense logical involvement. That is, it is the least A-like and the most
B-like theory. Prior succinctly described the first grade as follows:
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...there is a nice economy about it ... it reduces the minimal tense logic to a
by-product of the introduction of four definitions into an ordinary first-order
theory, and richer [tense logical] systems to byproducts of conditions imposed
on a relation in that theory. [Prior 2003, p.119-20]

In the first grade, tense operators are simply a handy way of summarizing the
properties of the before-after relations, which constitute the B-theory. Hence, in the
first grade, B-theory concepts are seen to be determining for a proper understanding
of time and reality. On this view, instants acquire an independent ontological status
whereas tenses are deemed to have no independent epistemological status. As we
have seen, Prior rejected the idea of temporal instants as something primitive and
objective. He claimed:

Time is not an object, but whatever is real exists and acts in time... But this
earlier-later calculus is only a convenient but indirect way of expressing truths
that are not really about ‘events’ but about things ... [Copeland 1996, p.45]

From Prior’s point of view, the first grade is a reduction of reality. First of all the
notion of the present, the Now, disappears. This means that the first grade represents a
serious conceptual loss in expressibility in our theoretical approach to reality. This
was clearly not acceptable to Prior. On the other hand, he also maintained that the
conceptual construction of instants and dates is a very useful one. After a lecture,
which was in fact just one in a series of lectures on temporal logic, probably held
somewhere in USA, Prior wrote the following addition to the paper which he was
going to read at the next lecture in the series:

A wants me to relativise my tenses to dates. It seems to me that behind this re-
quest there is a metaphysics. Behind this request there is the idea that the
whole of time is absolutely there with all these dates, and all events and proc-
esses just are, located in various parts of this giant fixed frame. I do not believe
this. I think this way is to treat all time as if it were already past. I don't believe
this. I don't believe that events and processes are; rather events happen (and
then come to have happened) and processes go on (and then come to have
gone on), and even this is an abstraction - the basic reality is things acting. But
even in this flux there is a pattern, and this pattern I try to trace with my tense-
logic; and it is because this pattern exists that men have been able to construct
their seemingly timeless frame of dates. Dates, like classes, are a wonderful
and tremendously useful invention, but they are an invention; the reality is
things acting. [Bodleian Library, MS in box 6, 1 sheet, no title.]

In the second grade of tense logical involvement, tenses are not reduced into B-
series notions. Rather, they are treated on a par with the earlier-later relation. This
means that this grade represents something between a B-theory and a A-theory,
whereas the first grade clearly is a B-theory. Specifically, a bare proposition p is
treated as a syntactically full-fledged proposition, on a par with propositions such as
T(t,p) (‘itis true at time ¢ that p’). The point of the second grade is that a bare proposi-
tion with no explicit temporal reference is not to be viewed as an incomplete proposi-
tion. One consequence of this is that an expression such as 7(#,7(¢,p)) is also
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well-formed, and of the same type as 7(z,p) and p. Prior showed how such a system
leads to a number of theses, which relates tense logic to the earlier-later calculus and
vice versa [Prior 2003, p.121]. According to Prior’s view, however, this grade can
like the first grade be criticized for giving the instants an unacceptable ontological
status.

The third grade is A-theory. The notion of instant-propositions is introduced, and
the formal language is extended with a primitive possibility operator, ¢, and its dual
necessity operator, 0, defined as ~0~. In addition, standard quantification theory is
assumed. As we have seen, the instant-propositions are maximal propositions with
properties as stated in (I1-3) and corresponding to what the B-theory would call in-
stants. Given the formal apparatus of the third grade it becomes possible to define
T(a,p) as well as the before-after relation, <:

(DT) T(a, p) =4 O(a Dp)
(DB) a < b = 4y 0(a > Fb)

Here a and b are arbitrary instant-propositions. Prior was able to prove that given
the most basic tense-logic system K, everything that one would expect to hold for T
and < in a B-theory would also hold for 7" and < as defined in (DT) and (DB). This
certainly makes the third grade a very attractive system as seen from an A-theoretical
point of view.

Prior has thus shown how we can in fact interpret B-logic within A-logic, namely
in a given modal context in which we can interpret instants as propositions and quan-
tify over them. In this sense B-logical semantics is absorbed within an entirely A-
logical axiomatics. In Prior’s own words, this means “to treat the first order theory of
the earlier-later relation as a mere by-product of tense logic” [Prior 2003, p.273]. He
developed this view even further in his fourth grade, in which he suggested a tense
logical definition of the necessity-operator such that the only primitive operators in
the theory are the two tense logical ones: P and F. Prior himself favoured this fourth
grade. It appears that his reasons for wanting to reduce modality to tenses were
mainly metaphysical, since they have to do with his rejection of the concept of
the (one) true (but still from a human point of view unknown) future. If one accepts
the fourth grade of tense-logical involvement, it will turn out that something like the
Peirce solution will be natural, and that we have to reject solutions, which involve the
idea of a true or simple future - like the Ockhamistic theory. In all obvious models
constructed in accordance with the fourth grade, “tomorrow” is identified either with
“possibly tomorrow” or with “necessarily tomorrow”. On the basis of Ockhamistic
theory, on the other hand, it is straight forward to construct a model according to
which “tomorrow”, “possibly tomorrow”, and “necessarily tomorrow” will be three
different notions. In such a model we may not only refer what happens in some possi-
ble future, ¢F¢q, and to what happens in all possible futures, 0Fg, but we may also
refer what is going to happen in the future, Fg, as something different from the possi-
ble as well as the necessary future. It seems that anyone who wants to maintain the
Ockhamistic view has to reject the fourth grade. From this point of view the third
grade becomes the obvious choice.
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6 Conclusion

We have seen that we have no convincing reasons for accepting arguments for the
unreality of time based on McTaggart’s paradox. The tenses appear to be crucial for a
proper understanding of temporal reality. The fundamental asymmetry between past
and future can be represented in a clarifying manner in terms of the models of branch-
ing time. We have also argued that the three notions of ‘future’ (necessary, possible,
and plain) should be integrated in a branching time model. This can be done using an
Ockhamistic model and even better with a true futurist theory. Finally, we have pre-
sented Prior’s four grades of tense-logical involvement, and we have argued in favour
of the third grade, which seems to follow given that the A-concepts are more concep-
tually basic than the B-concepts and that the Ockhamistic approach is more adequate
than the Peircean view.
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Traditionally, since it was coined in the early 17" century by German school-
philosophy, the word “ontology” has been used to name a field of metaphysics as well
as distinct metaphysical doctrines. Since the 1990s, the word “ontology” appears in-
creasingly in information sciences, and likewise in fields that have been subjected to
‘informatisation’ such as biology, geography, and medicine. In all these fields, how-
ever, the word “ontology” is being used with different meanings, and for the most part
with meanings that are distant from its philosophical roots.

Given the obvious centrality and significance of the word “ontology” in the con-
temporary information sciences, both the terminological indeterminateness and the
apparent semantic change are issues warranting investigation. A particular motivation
for an inquiry derives from the context at hand, since the theoretical foundations of
Formal Concept Analysis have already been subjected to ontological considerations,
and methods of Formal Concept Analysis have been applied to the development of
ontologies in the information sciences.

Starting from etymological considerations, significant developments in ontological
thought in the history of occidental philosophy are summarised. Special attention is
given to the separation of ontology from classical metaphysics, the emancipation of
the sciences from philosophy, and the concurrent reconfiguration of the relation be-
tween science and philosophy. These developments in western knowledge constitute
the condition of the possibility for the appropriation of modes of ontological thought
by the information sciences and beyond.

Subsequently, a range of meanings of the word “ontology” in the information sci-
ences is identified. It is conjectured that the multiplicity of meanings can be explained
by associating selected connotations of “ontology” with the corresponding problems
information scientists try to solve. This exercise discloses semantic changes of the
word “ontology,” which resulted from the transformation of a philosophical term into
a scientific-practical term. These semantic changes characterise the relationship be-
tween philosophy and information sciences with respect to ontology as a problem —
whether (philosophical) ontology can or actually does inform the notions of ontology
in the information sciences.

Concluding, some brief reflections on the relation between Formal Concept Analy-
sis and ontology — with reference to Rudolf Wille’s proposal of a Semantology —
are offered.
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© Springer-Verlag Berlin Heidelberg 2009



Factor Analysis of Incidence Data

via Novel Decomposition of Matrices*

Radim Belohlavek!? and Vilem Vychodil!s?

1 State University of New York at Binghamton
PO Box 6000, Binghamton, NY 13902-6000, USA
rbelohla@binghamton.edu, vychodil@binghamton.edu
2 Palacky University, Olomouc
Tomkova 40, CZ-779 00 Olomouc, Czech Republic

Abstract. Matrix decomposition methods provide representations of an
object-variable data matrix by a product of two different matrices, one
describing relationship between objects and hidden variables or factors,
and the other describing relationship between the factors and the origi-
nal variables. We present a novel approach to decomposition and factor
analysis of matrices with incidence data. The matrix entries are grades
to which objects represented by rows satisfy attributes represented by
columns, e.g. grades to which an image is red or a person performs well
in a test. We assume that the grades belong to a scale bounded by 0
and 1 which is equipped with certain aggregation operators and forms a
complete residuated lattice. We present an approximation algorithm for
the problem of decomposition of such matrices with grades into prod-
ucts of two matrices with grades with the number of factors as small
as possible. Decomposition of binary matrices into Boolean products of
binary matrices is a special case of this problem in which 0 and 1 are
the only grades. Our algorithm is based on a geometric insight provided
by a theorem identifying particular rectangular-shaped submatrices as
optimal factors for the decompositions. These factors correspond to for-
mal concepts of the input data and allow for an easy interpretation of
the decomposition. We present the problem formulation, basic geometric
insight, algorithm, illustrative example, experimental evaluation.

1 Introduction

1.1 Problem Description

Reducing data dimensionality by mapping the data from the space of directly
observable variables into a lower dimensional space of new variables is of fun-
damental importance for understanding and management of data. Traditional
approaches achieve dimensionality reduction via matrix decomposition. In factor
analysis, a decomposition of an object-variable matrix is sought into an object-
factor matrix and a factor-variable matrix with the number of factors reasonably

* Supported by research plan MSM 6198959214.
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84 R. Belohlavek and V. Vychodil

small. This way, objects can be represented in a lower dimensional space of fac-
tors from which their representation in the space of original variables can be
retrieved by a linear combination.

Recently, new methods of matrix decomposition and dimensionality reduction
have been developed. One aim is to have methods which are capable of discov-
ering possibly non-linear relationships between the original space and the lower
dimensional space [26/32]. Another is driven by the need to take into account con-
straints imposed by the semantics of the data. An example is Boolean factor anal-
ysis in which a decomposition of a binary matrix is sought into two binary matrices
[TO/ZT125)].

In this paper, we consider decompositions of matrices I with a particular type
of ordinal data. Entries I;; of I are grades to which the object corresponding to
i-th row has, or is incident with, the attribute corresponding to the j-th row,
e.g. to which a hotel is rated as a good hotel. Typical examples of such data
are results of questionnaires where respondents (rows) rate services, products,
etc. according to various criteria (columns); results of performance evaluation of
people or machines (rows) by various tests (columns); or binary data in which
case there are only two grades, 0 (no, failure) and 1 (yes, success). Our goal is
to decompose an n X m object-attribute matrix I into a product

I=A0B

of an n x k object-factor matrix A and a k x m factor-attribute matrix B with
a reasonably small number k of factors.

The scenario is thus similar to that of ordinary factor analysis but there are im-
portant differences. First, we assume that the entries of I, i.e. the grades, as well as
the entries of A and B are taken from a bounded scale L of grades. Examples of such
scales are the unit interval L = [0, 1], the Likert scale L = {1,...,5} of degrees of
satisfaction, or other scales used in mathematical psychology and psychophysics
[18]. Second, the matrix composition operation o used in our decompositions is not
the usual matrix product. Instead, we use a so-called t-norm-based product where
at-norm is a function which we use for aggregation of grades, cf. also [9]. A Boolean
matrix product is a particular case of this product in which the scale has 0 and 1 as
the only grades. It is to be emphasized that we attempt to treat graded incidence
data in a way which is compatible with its semantics. This need has been recog-
nized long ago in mathematical psychology, in particular in measurement theory
[18]. For example, even if we represent the grades by numbers such as 0 ~ strongly
disagree, }1 ~ disagree, ..., 1 ~strongly agree, addition, multiplication by real
numbers, and linear combination of graded incidence data may not have natural
meaning. Likewise, decomposition of graded incidence matrix I into the ordinary
matrix product of arbitrary real-valued matrices A and B suffers from a difficulty
to interpret A and B, as well as to interpret the way I is reconstructed from, or
explained by, A and B. This is not to say that the usual matrix decompositions of
incidence data I are not useful. [22/31] report that decompositions of binary matri-
ces into real-valued matrices may yield better reconstruction accuracies. Hence, as
far as the dimensionality reduction aspect (the technical aspect) is concerned, or-
dinary decompositions may be favorable. However, when the knowledge discovery
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aspect plays a role, attention needs to be paid to the semantics of decomposition,
and to the appropriate mathematical structure and geometry of the space of at-
tributes, the space of factors, and the transformations between them.

Our paper is organized as follows. Section provides and overview of re-
lated work. In Section 2] we define the decomposition problem and explain the
factors we use for the decomposition and their role. Section Bl contains an illus-
trative example. An algorithm for decompositions of incidence matrices and its
experimental evaluation is presented in Section El

1.2 Related Work

In case of matrices with real numbers as entries (sometimes referred to as con-
tinuous data), various methods for matrix decompositions have been developed.
The best known include, in particular, factor analysis (FA), principal component
analysis (PCA), and singular value decomposition (SVD) [2/T3]. Results regarding
optimality of such decompositions are available. However, these methods decom-
pose a real-valued matrix into a product of matrices with possibly negative values
which are generally difficult to interpret [22]. Non-negative matrix factorization
[19] overcomes this problem at the expense of not minimizing the global reconstruc-
tion error. The advantage is that the decomposition describes the original data as
additively composed of its easily interpretable parts. Restriction to certain values
(non-negative ones) and the resulting gain in interpretability is related to our work.

There are several papers on decomposing binary matrices into non-binary
matrices such as [20027)28)30036], see also [31] for further references.

Decompositions of binary matrices into binary matrices have been studied in
a number of papers. Early work was done by Markowsky et al., see e.g. [2425/29]
which already include complexity results showing the hardness of problems related
to such decompositions. Decompositions of binary matrices into a Boolean prod-
uct of binary matrices using Hopfield-like associative neural networks have been
studied, e.g., by Frolov et al., see [10]. This approach is a heuristic in which the fac-
tors correspond to attractors of the neural network. Other heuristic approaches to
Boolean factor analysis include [I5JI6]. [6] shows that the decomposition of a bi-
nary matrix I to a Boolean product of binary matrices is equivalent to covering
the matrix by rectangular submatrices which contain 1s and shows that formal
concepts of I [I1] are optimal factors for such decomposition. The problem of cov-
ering binary matrices with their submatrices containing 1s was studied in [12]. [22]
presents an algorithm for finding approximate decompositions of binary matrices
into Boolean product of binary matrices which is based on associations between
columns of 1. [33] looks at the relationship between several problems related to
decomposition of binary matrices.

2 Decomposition and Factors

2.1 Decomposition

Consider an n X m object-attribute matrix I with entries I;; expressing grades
to which object i has attribute j. We assume that the grades are taken from a
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bounded scale L. In general, we assume that L is equipped with a partial order
<, is bounded from below and above by elements denoted 0 and 1, and conforms
to the structure of a complete lattice, i.e. infima and suprema of subsets of L
exist. We do not assume the scale to be linearly ordered although in practical
applications this is usually the case. Grades of ordinal scales are conveniently
represented by numbers, such as the Likert scale {1,...,5}. In such a case we
assume these numbers are normalized and taken from the unit interval [0, 1].
As an example, the Likert scale is represented by L = {0, }1, é, i, 1}. Due to
the well-known Miller’s 7 & 2 phenomenon [23], one might argue that we should
restrict ourselves to small scales but we consider arbitrary ones, including thus
the unit interval L = [0, 1] as well.

We want to decompose I into an n X k object-factor matrix A and a k x m
factor-attribute matrix B which again have entries from the scale L. Entries Ay
and Bj; are interpreted as degrees to which factor [ applies to object ¢ and to
which attribute j is a manifestation of factor [, respectively. We assume that the
object-attribute relationship is explained using the (hidden) factors as follows:
object i has attribute j if there is a factor [ which applies to ¢ and for which j
is one of its manifestations. Now, for a factor [ there is a degree A; to which
[ applies to i and a degree Bj; to which j is a manifestation of [. To obtain a
degree a to which “I applies to ¢ and j is a manifestation of [”, we aggregate A;;
and Bj; using an aggregation function ® : L x L — L and put a = Ay @ By,
cf. [9]. This way, we obtain k degrees A;; ® By;, one for every factor [ = 1,... k.
Finally, we take the supremum \/ of degrees A;; ® By; (such supremum coincides
with maximum if L is linearly ordered) as a result. That is, our composition
operation for I = A o B is defined by

(Ao B)i; = \I_, Au @ Byj. (1)

Notice that if L = {0,1} and ® is the truth function of conjunction, A o B is
the Boolean matrix product. We use t-norms for aggregation functions ®. T-
norms originated in K. Menger’s work on statistical metric spaces [I7] and are
used as truth functions of conjunctions in fuzzy logic [14]. Their properties make
them good candidates for aggregating graded data [RI9/T7]. Note that with ®
being a t-norm, () is used in fuzzy set theory to define compositions of fuzzy
relations [35]. Examples of ® include the Lukasiewicz t-norm on L = [0, 1] or on
an equidistant subchain of [0, 1] defined by a®b = max(0, a+b—1), the minimum
t-norm on L = [0,1] or on a subset of [0, 1] defined by a ® b = min(a,b), and
the product t-norm a ® b= a-bon L = [0, 1]. Using a decomposition I = Ao B
with (), attributes are expressed by means of factors in a non-linear manner:

Example 1. With Lukasiewicz t-norm, let I = Ao B be

0.3 0.0 0.1 0.2 0.8
030705 ) =/(00908 o(gggggg)
0.5 0.8 0.6 1.0 1.0 5 0.2 0.

Then for Q1 = (0.6 0.2) and Q2 = (0.4 0.3) we have (Q1+Q2)oB = (1.00.5)oB =
(0.40.80.6) # (0.00.6 0.2) = (0.0 0.4 0.2)+ (0.0 0.2 0.0) = Q10 B+ Q20 B. This
demonstrates non-linearity of the relationship between factors and attributes.
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2.2 Factors for Decomposition

Next, we describe the factors we use for decomposition of I. For this purpose, we
make use of a so-called residuum induced by the t-norm ® [I4yI7], i.e. a binary
function — on L defined by

a—b=max{c€ L|a®c<b}.
Residuum satisfies an important technical condition called adjointness, namely,
a®@b<ciffa<b—c.

L together with ® and — forms a complete residuated lattice [34]. We leave
out technical details including the properties of residuated lattices and refer to
[14]. The residuum induced by the Lukasiewicz t-norm is defined by a — b =
min(1,1 —a +b).

We are going to use formal concepts associated to I as factors for a decomposi-
tion of I. Formal concepts are particular pairs (C, D) of graded sets (fuzzy sets) C
of objects and D of attributes, see [4]. That is, C' : {1,...,n} — L assigns to every
object i a degree C(i) € L to which C applies to i. Likewise, D : {1,...,m} — L
assigns to every attribute j a degree to which D applies to j. Denote by LY the set
of all graded (fuzzy) sets in a set U, i.e. the set of all mappings from U to L, and
put X = {1,...,n} (objects) and Y = {1,...,m} (attributes).

Definition 1. [J] A formal concept of I is any pair (C, D) for which C1 = D
and Dt = C where 1: LX — LY and ': LY — LX are operators defined by

C(j) = Niex (C(i) — L),
Dl(i) = /\jeY(D<j) - Iij)~

In the definition, A is the infimum in L (in our case, since X and Y are finite,
infimum coincides with minimum if L is linearly ordered). The set B(X, Y, I) of
all formal concepts of I is called the concept lattice of I. Formal concepts are
simple models of concepts in the sense of traditional, Port-Royal logic. If I is (a
characteristic function of) an ordinary binary relation (i.e. L = {0,1}), formal
concepts of I coincide with the ordinary formal concepts of Wille [I1]. C' and
D are called the extent and the intent of a formal concept (C, D) and represent
the objects and the attributes which fall under the concept. The graded setting
takes into account that empirical concepts are graded rather than clear-cut. The
concept lattice equipped with a subconcept-superconcept ordering < defined by

<017D1> < <027D2> iff Cl(l) < CQ(Z) for alli € X,

which is equivalent to Da(j) < Dy(j) for all j € Y, is indeed a complete lattice
[4]. Note that since — can be interpreted as a truth function of implication, a
formal concept (C, D) can be seen as a pair of graded sets C' and D such that
D(j) is the degree to which j is shared by all objects to which C applies, and
C(7) is the degree to which 4 shares all attributes to which D applies [4].
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We are going to use formal concepts of I in the following way. For a set
F = {<Cl, l)1>7 PN <Ck, Dk>}

of formal concepts of I, we denote by Ar an n X k matrix in which the I-th
column consists of grades assigned to objects by C;. Likewise, we denote by Bx
a k X m matrix in which the [-th row consists of grades assigned to attributes
by D;. That is,

(Ar)u = (C1)(i) and (Bz)y; = (D1)(j)-

If I = AroBg, F can be seen as a set of factors which fully explain the data. In
such a case, we call the formal concepts from F factor concepts. Given I, our aim
is to find a small set F of factor concepts. Using formal concepts of I as factors
is intuitively appealing because, as mentioned above, the formal concepts are in
fact, simple models of human concepts according to traditional logic approach. In
fact, factors are often called “(hidden) concepts” in the ordinary factor analysis.
In addition, the extents and intents of the concepts, i.e. columns and rows of
Ar and Br, have a straightforward interpretation: they represent the grades to
which the factor concept applies to particular objects and particular attributes.

Before we turn to an illustrative example, we provide a geometric interpre-
tation of Ao B. Let I = A o B. Denote by J; the n x m matrix defined by
(J1)ij = Aa ® Bj, Il =1...,k. That is, J = A ;0 B; is the o-product of the
I-th column of A and the [-th row of B. ({I]) then yields that I = J; V -+ V Ji,
i.e. I is the \/-superposition of Ji,...,Ji. Matrices J; are rectangular (rectan-
gles) in that they result as the Cartesian products of graded sets. If L = {0, 1},
rectangular matrices are just matrices where the entries containing 1s form a
submatrix, i.e. tiles in the sense of [I2]. We thus have:

Theorem 1. I = Ao B for an n X k matriz A and a k X m matriz B if and
only if I is a \/-superposition of rectangular matrices A o By, 1 =1,... k.

Remark 1. (1) Note that due to Theorem [I] tiling databases [12] means decom-
posing I into A o B where columns of A and rows of B are the characteristic
vectors of the sets of objects and attributes covered by the tiles.

(2) This remains true even for arbitrary scales L: Finding a decomposition
of I is equivalent to covering I by rectangular submatrices, i.e. “graded tiles”,
which result by the Cartesian products of graded sets of objects and attributes,
and are contained in I.

(3) Let F be a set of factor concepts, i.e. I = Az o Bx. Due to Theorem [I]
for any subset F’ of F we have (Ax/ o B#s);; < I;;. That is, for any subset F’ of
F, Ag: o Bg: approximates I from below. We will see in Sections Bl and Ml that
it is usually the case that even for a small subset 7' C F, matrix Az o Br/ is
a good approximation of I.

2.3 Optimality of Formal Concepts as Factors

In this section we recall two important results from [B]. The first one says that
formal concepts of I are universal factors.
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Theorem 2. For every I there is F C B(X,Y,I) such that I = Ar o Br.

The second one says that, as far as exact decompositions of I are concerned,
formal concepts are optimal factors in that they provide us with decompositions
of I with the least number & of factors.

Theorem 3. If [ = Ao B for n xk and k X m binary matrices A and B, there
exists a set F C B(X,Y,I) of formal concepts of I with |F| < k such that for
the n x |F| and |F| x m matrices Ax and Bx we have I = Az o B.

This means that in looking for decompositions of I, one can restrict the search
to the set of formal concepts instead of the set of all possible decompositions.

3 Illustrative Example

Tab.[l (top) contains the results of top five athletes in 2004 Olympic Games
decathlon in points which are obtained using the IAAF Scoring Tables for Com-
bined Events. Note that the TAAF Scoring Tables provide us with an ordinal
scale and a ranking function assigning the scale values to athletes. We are going
to look at whether this data can be explained using formal concepts as factors.
We first transform the data to a five-element scale

L = {0.00,0.25,0.50,0.75, 1.00}

by a natural transformation and rounding. As a consequence, the factors then
have a simple reading. Namely, the grades to which a factor applies to an athlete

Table 1. 2004 Olympic Games Decathlon

10 I sp hy 40 11 di pv ja 15

Sebrle 894 1020 873 915 892 968 844 910 897 680
Clay 989 1050 804 859 852 958 873 880 885 668
Karpov 975 1012 847 887 968 978 905 790 671 692
Macey 885 927 835 944 863 903 836 731 715 775
Warners 947 995 758 776 911 973 741 880 669 693

Scores of Top 5 Athletes

Incidence Data Table with Graded Attributes
10 j sp hj 40 11 di pv ja 15
Sebrle 0.50 1.00 1.00 1.00 0.75 1.00 0.75 0.75 1.00 0.75
Clay 1.00 1.00 0.75 0.75 0.50 1.00 0.75 0.50 1.00 0.50
Karpov 1.00 1.00 0.75 0.75 1.00 1.00 1.00 0.25 0.25 0.75
Macey 0.50 0.50 0.75 1.00 0.75 0.50 0.75 0.25 0.50 1.00
Warners 0.75 0.75 0.50 0.50 0.75 1.00 0.25 0.50 0.25 0.75

Legend: 10—100 meters sprint race; [j—long jump; sp—shot put; hj—high jump;
40—400 meters sprint race; 11-—110 meters hurdles; di—discus throw; pv—pole
vault; ja—javelin throw; 15—1500 meters run.
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Table 2. Factor Concepts

F; Extent Intent

Fy {*Sebrle, Clay, Karpov, %/Macey, ™/ Warners } {10,1j, ™/sp, "¥/hj, ¥/40, 11, Ydi, */pv, *Yja, ¥/15}

F, {Sebrle, "/Clay, **/Karpov, ‘Y Macey, 2% Warners} {910, 1j, sp, hj, 7%/40, 11, "/di, "/pv, ja, 7/15}

F3 {™/Sebrle, %/ Clay, "/Karpov, Macey, ¥ Warners}  {-%10, “¥1j, "%sp, hj, 7540, %11, "%di, **/pv, -¥ja, 15}

Fy {Sebrle, ™/Clay, "/Karpov, %/ Macey, Warners} {510, ™/, %/sp, “*/hj, 75/40, 11, -2/ di, %/ pv, *Vja, "/15}

F5 {™/Sebrle, 7%/ Clay, Karpov, "%/Macey, %/ Warners} {-7%/10, "/1j, "™/sp, "/hj, 740, ™11, di, */pv, *¥/ja, 7/15}
Fs {™%/Sebrle, %/Clay, Karpov, "/Macey, "/ Warners} {-7%/10, "/1j, "™/sp, "/hj, 40, "/11, %/di, */pv, *%ja, 75/15}
Fy {Sebrle, Clay, /Karpov, ‘Y Macey, -2 Warners} {:510,1j, ™sp, "/hj, %40, 11, 7Ydi, %/ pv, ja, /15})

can be described in natural language as “not at all”, “little bit”, “half”, “quite”,
“fully”, or the like. Tab.[M(bottom) describes the athletes’ performance using
the five-element scale. In addition, we use the Lukasiewicz t-norm on L.

Using shades of gray to represent grades from the five-element scale L, the
matrix I corresponding to Tab.[l(bottom) can be visualized in the following
array (rows correspond to athletes, columns correspond to disciplines, the darker
the array entry, the higher the score):

The algorithm described in Section ] found a set F of 7 formal concepts which
factorize I, i.e. for which I = Ax o Bx. These factor concepts are shown in Fig.[Tl
in the order in which they were produced by the algorithm. For example, factor
concept F; applies to Sebrle to degree 0.5, to both Clay and Karpov to degree 1,
to Macey to degree 0.5, and to Warners to degree 0.75. Furthermore, this factor
concept applies to attribute 10 (100 m) to degree 1, to attribute I5 (long jump) to
degree 1, to attribute sp (shot put) to degree 0.75, etc. This means that an excellent
performance (degree 1) in 100m, an excellent performance in long jump, a very
good performance (degree 0.75) in shot put, etc. are particular manifestations of
this factor concept. On the other hand, only a relatively weak performance (degree
0.25) in javelin throw and pole vault are manifestations of this factor.

Therefore, a decomposition I = Ax o B exists with 7 factors where:

0.50 1.00 0.75 1.00 0.75 0.75 1.00
1.00 0.75 0.50 0.75 0.75 0.50 1.00
Ar = 1.00 0.25 0.75 0.75 1.00 1.00 0.25 [,
0.50 0.50 1.00 0.50 0.75 0.75 0.50
0.75 0.25 0.50 1.00 0.25 0.75 0.25
1.00 1.00 0.75 0.75 0.50 1.00 0.50 0.25 0.25 0.50
0.50 1.00 1.00 1.00 0.75 1.00 0.75 0.75 1.00 0.75
0.50 0.50 0.75 1.00 0.75 0.50 0.75 0.25 0.50 1.00
Br =] 0.50 0.75 0.50 0.50 0.75 1.00 0.25 0.50 0.25 0.75
0.75 0.75 0.75 0.75 0.75 0.75 1.00 0.25 0.25 0.75
0.75 0.75 0.75 0.75 1.00 0.75 0.50 0.25 0.25 0.75
0.50 1.00 0.75 0.75 0.50 1.00 0.75 0.50 1.00 0.50
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Again, using shades of gray, this decomposition can be depicted as:

Fig.[Il shows the rectangular patterns corresponding to the factor concepts, cf.

L g
mﬂﬁm

Flg. 1. Factor Concepts as Rectangular Patterns

Fig.Bldemonstrates what portion of the data matrix I is explained using just
some of the factor concepts from F. The first matrix labeled by 46% shows
Ax, o Br, for F; consisting of the first factor F} only. That is, the matrix is just
the rectangular pattern corresponding to F71, cf. Fig.[Il As we can see, this matrix
is contained in I, i.e. approximates I from below, in that (Ar, o Bz, )i; < I;;
for all entries (row 4, column j). Note that Theorem [I] implies that this always
needs to be the case, cf. Remark [ (3). Label 46% indicates that 46% of the
entries of Ax, o Br, and I are equal. In this sense, the first factor explains 46%
of the data. Note however, that several of the 54% = 100% — 46% of the other
entries of Az, o Bz, are close to the corresponding entries of I, so a measure of
closeness of Ar, o Bx, and I which takes into account also close entries, rather
than exactly equal ones only, would yield a number larger than 46%.

The second matrix in Fig.[2, with label 72%, shows Ax, o B, for F» consisting
of F1 and F5. That is, the matrix demonstrates what portion of the data matrix I
is explained by the first two factors. Again, Az, o Br, approximates I from below
and 72% of the entries of Az, o Bx, and I coincide now. Note again that even for
the remaining 28% of entries, Az, o Bx, provides a reasonable approximation of
1, as can be seen by comparing the matrices representing Az, o Bz, and I, i.e.
the one labeled by 72% and the one labelled by 100%.

Similarly, the matrices labeled by 84%, 92%, 96%, 98%, and 100% represent
Ax, 0By, forl =3,4,5,6,7, for sets F; of factor concepts consisting of F1,. .., Fj.
We can conclude from the visual inspection of the matrices that already the two
or three first factors explain the data reasonably well.

Let us now focus on the interpretation of the factors. Fig.[] is helpful as it
shows the clusters corresponding to the factor concepts which draw together the
athletes and their performances in the events.
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i i g

46% 72% 84%

92% 96% 98% 100%

Fig. 2. \/-superposition of Factor Concepts

Factor Fi: Manifestations of this factor with grade 1 are 100 m, long jump,
110 m hurdles. This factor can be interpreted as the ability to run fast for short
distances. Note that this factor applies particularly to Clay and Karpov which
is well known in the world of decathlon. Factor F5: Manifestations of this factor
with grade 1 are long jump, shot put, high jump, 110m hurdles, javelin. F5
can be interpreted as the ability to apply very high force in a very short term
(explosiveness). F» applies particularly to Sebrle, and then to Clay, who are
known for this ability. Factor F3: Manifestations with grade 1 are high jump
and 1500m. This factor is typical for lighter, not very muscular athletes (too
much muscles prevent jumping high and running long distances). Macey, who is
evidently that type among decathletes (196 cm and 98 kg) is the athlete to whom
the factor applies to degree 1. These are the most important factors behind data
matrix 1.

4 Algorithm and Experiments

In this section, we present a greedy approximation algorithm which takes a data
matrix representing I as its input and produces a set F of formal concepts of I
for which I = Ax o Bx. Due to Theorem [I], finding such F which is minimal in
terms of the number of its elements is equivalent to finding a minimal subset of
{C® D|{C,D) € B(X,Y,I)} which covers I. Note that this can be seen as a
graded version of a set covering problem which apparently has not been studied
before. A further study of this problem including various versions of approximate
coverings may yield useful results for processing of graded data. Now, a particular
case of this problem for L = {0, 1} is just the problem of covering a binary matrix
with the smallest possible set of rectangles. This problem is known to be NP-
hard, see [242529] for early references, and also [6II2I33]. This indicates that we
need an approximation algorithm for the problem of finding small F for which
I == A]: o B]:.

An obvious approach to the design of such algorithm is to take an approxima-
tion algorithm for the (binary) set covering problem, such as the one described
in [7], and modify it for the graded case. Such an algorithm would require us
to compute first the set B(X,Y,I) of all formal concepts of I and then select
candidates for factors from B(X,Y,I) using a greedy approach [7]. This would
be time-demanding because B(X,Y,I) can be quite large.
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Instead, we propose a different greedy algorithm. The algorithm generates
maximal rectangles by looking for “promising columns”. A technical property
which we utilize is the fact that for each formal concept (C, D),

D= UjeY{D(j)/j}Hu

i.e. each intent D is a union of intents {PU);j}!1. Moreover, C = D!. Here,
{PG)/j} denotes a graded singleton, i.e. the grade of j in {PU)/j} is D(j). As
a consequence, we may construct any formal concept by adding sequentially
{9 }'1 to the empty set of attributes. Our algorithm follows a greedy approach
that makes us select j € Y and degree a € L which maximize the size of

D@, j={kl)cu|DE) e DI(1) > Iy}, 2)

where Dt = D U {%j} and U denotes the set of (i,j) of I (row i, column j)
for which the corresponding entry I;; is not covered yet. Note that the size of
D &, j is just the number of entries of I which are covered by formal concept
(D', D). Therefore, instead of going through all possible formal concepts and
selecting a factor from them, we just go through columns and degrees which
maximize the value of the factor, i.e. the area covered by the factor, which is
being constructed. The algorithm is summarized below.

FiND-FAacTORS(])
L U~ {{i,j) | Li; # 0}

2 F<0

3 while U #0

4 do D10

5 V<0

6 select (j,a) that maximizes |D @, j
7 while |D &, j| >V

8 do V « |D @, j|

9 D (DU{yh!
10 select (j,a) that maximizes |D @, j|
11 C D!
12 F—FU{{C,D)}
13 for (i,j) eU
15 then
16 U — U\, 5)}
17 return F

The main loop of the algorithm (lines 3-16) is executed until all the nonzero
entries of I are covered by at least one factor in F. The code between lines 4
and 10 constructs an intent by adding the most promising columns. After such
an intent D is found, we construct the corresponding factor concept and add it
to F. The loop between lines 13 and 16 ensures that all matrix entries covered
by the last factor are removed from U. Obviously, the algorithm is sound and
finishes after finitely many steps with a set F of factor concepts.
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Table 3. Exact Factorizability

Lukasiewicz ® minimum &
k no. of factors mno. of factors

5 5.205+£0.460 6.202+£1.037
7 7.717+0.878 10.050 £ 1.444
910.644 +1.316 13.379 £1.676
11 13.640 £1.615 15.698 £1.753
13 16.423 £1.879 17.477 +£1.787
15 18.601 £2.016 18.721 £1.863

Ezperimental Evaluation. We now present experiments with exact and approx-
imate factorization of randomly generated matrices and their evaluation. First,
we observed how close is the number of factors found by the algorithm FIND-
FACTORS to a known number of factors in artificially created matrices. In this
experiment, we were generating 20 x 20 matrices according to various distri-
butions of 5 grades. These matrices were generated by multiplying m x k and
k x n matrices. Therefore, the resulting matrices were factorizable with at most
k factors. Then, we executed the algorithm to find F and observed how close
is the number |F| of factors to k. The results are depicted in Tab.[Bl We have
observed that in the average case, the choice of a t-norm is not essential and
all t-norms give approximately the same results. In particular, Tab.[] describes
results for Lukasiewicz and minimum t-norms which can be seen as two limit
cases of t-norms [I7]. Rows of Tab.Bl correspond to numbers k£ = 5,6,...,15
denoting the known number of factors. For each k, we computed the average
number of factors produced by our algorithm in 2000 k-factorizable matrices.
The average values are written in the form of “average number of factors £
standard deviation”.

As mentioned above, factorization and factor analysis of binary data is a spe-
cial of our setting with L = {0, 1}, i.e. with the scale containing just two grades.
Then, the matrix product o given by () coincides with the Boolean matrix mul-
tiplication and the problem of decomposition of graded matrices coincides with
the problem of decomposition of binary matrices into the Boolean product of
binary matrices. We performed experiments with our algorithm in this particu-
lar case with three large binary data sets (binary matrices) from the Frequent
Itemset Mining Dataset Repository, see http://fimi.cs.helsinki.fi/data/.
In particular, we considered the CHESS, CONNECT, and MUSHROOM data
sets. The results are shown in Tab.dl The columns labeled by n and m show the
numbers of rows and columns of the matrices (e.g., MUSHROOM is a 8124 x 119
binary matrix). The column labeled by 50% says the following: The first num-
ber is the number of factors sufficient to explain 50% of the data entries. For
example, the first 5 factors explain 50% of data for CHESS data, i.e. Ar o Br
covers 50% of entries of matrix I with |F| = 4. The second number is the ratio

number of attributes/number of factors
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Table 4. Factorization of Boolean Matrices

Input Dimensions Portion of data explained
Database n m 50% 70% 90%
CHESS 3196 75 5 15.00 13 5.77 33 2.27

CONNECT 67557 129 4 32.25 10 12.90 39 3.31
MUSHROOM 8124 119 7 17.00 19 6.26 46 2.59

which can be regarded as the coefficient of reduction of dimensionality. For
example, for the MUSHROOM data set, the first 7 factors produced by our
algorithm explain 50% of data and the corresponding coefficient of reduction is
119/7 = 17.00. The columns labeled by 70% and 90% have analogous meaning.

5 Conclusions and Future Work

We presented a novel approach to factor analysis of matrices with ordinal data.
The factors in this approach correspond to formal concepts in the data matrix
and the relationship between the factors and original attributes is a non-linear
one. One feature of the model is a transparent way of treating the grades which
results in good interpretability of factors. Another feature is its feasibility regard-
ing theoretical analysis. As an example, the factors we use are optimal in terms
of their number. Furthermore, we proposed a greedy approximation algorithm
for the problem of finding a small set of factors and provided results of exper-
iments demonstrating its behavior. Future research will include the following
topics:

— Comparison, both theoretical and experimental, to other methods of matrix
decompositions.

— Approaches to the problem of approximate factorization of I, continuing our
experiments with approximate factorization presented in this paper.

— Development of further theoretical insight focusing particularly on reducing
further the space of factors to which the search for factors can be restricted.
Note that decompositions of a matrix with grades into a binary matrix and a
matrix with grades was studied in [3].

— Study the computational complexity aspects of the problem of approximate
factorization, in particular the approximability of the problem of finding de-
compositions of matrix I [I].

— Explore the applications of the decompositions studied in this paper. One ap-
plication area is factor analysis. The usefulness of the decompositions in this
area was illustrated by the example in Section Bl Another topic which needs to
be explored is the possible utilization of the dimensionality reduction provided
by the decompositions.
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Abstract. Conditional Functional Dependencies (CFDs) are Functional
Dependencies (FDs) that hold on a fragment relation of the original re-
lation. In this paper, we show the hierarchy between FDs, CFDs and
Association Rules (ARs): FDs are the union of CFDs while CFDs are
the union of ARs. We also show the link between Approximate Func-
tional Dependencies (AFDs) and approximate ARs. In this paper, we
show that all those dependencies are indeed structurally the same and
can be unified into a single hierarchy of dependencies. A benefit of this hi-
erarchy is that existing algorithms which discover ARs could be adapted
to discover any kind of dependencies and, moreover, generate a reduced
set of dependencies. We also establish the link between the problem of
finding equivalent pattern tableaux of a CFD and the problem of finding
keys of a relation.

1 Introduction

Dependency theory is one of the major subjects of database theory and has been
traditionally used to optimize queries, prevent invalid updates and to normalize
databases. Originally, dependency theory has been developed for uninterpreted
data and served mainly database conception purposes [I0]. The Functional De-
pendencies introduced by Codd were generalized to Equality Generating De-
pendencies (EGD) [3]. In [2], dependencies over interpreted data (i.e. equality
requirements are replaced by constraints of an interpreted domain) were in-
troduced and generalized the EGDs into Constraint-Generating-Dependencies
(CGD). In [6], the authors present a particular case of CGDs: Conditional Func-
tional Dependencies (CFDs), for data cleaning purposes. CFDs are dependencies
which holds on instances of the relations. Constraint used in CFDs is the equal-
ity and allows to fix particular constant values for attributes. Basically, CFDs
can be viewed as FDs which holds on a fragment relation of the original in-
stance relation, this fragment relation being characterized by the constraints
to be applied on the attributes. Those constraints represent a selection opera-
tion on the relation. All these works focused mainly on implication analysis and
axiomatizability.
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Discovery of dependencies existing in an instance of a relation received consid-
erable interest as it allowed automatic database analysis. Knowledge discovery
and data mining [I], database management ([5],[9]), reverse engineering [18] and
query optimization [19] are among the main applications benefiting from efficient
dependencies discovery algorithms. New dependencies on instances of relations
were defined. We cite (among others): Association Rules (AR) [I] which are
dependencies holding on particular values of attributes, and Approximate Func-
tional Dependencies (AFD) [I5] which are FDs which almost hold on a given
relation. Note that AFDs have also applications in database design [I1]. For
those latter dependencies, several measures of approximateness were defined,
expressing the interest of the dependency. Numerous algorithms have been pro-
posed for such dependencies discovery, usually ad-hoc algorithms discovering a
particular type of dependency. Among the most famous algorithms we can cite:
A priori [I] (a level-wise frequent itemsets discovery approach) for ARs mining,
Tane [15] (similar approach as A priori but for FDs and AFDs discovery), Close
[17] (discovery of closed frequent itemsets). Usually, algorithms used to discover
FDs can be adapted to discover ARs and reciprocally.

Recently, some algorithms have been proposed to discover CFDs: [§] and [13].
With no surprise (as our paper will show), those algorithms are adaptations of
well-known algorithms for ARs or FDs discovery.

Contributions: As stated above, many dependencies have been studied and
are actually used in different applications. In this paper, we show that all those
dependencies are indeed structurally the same and can be unified into a single
hierarchy of dependencies. A benefit of this hierarchy is that existing algorithms
which discover ARs could be adapted to discover any kind of dependencies and,
moreover, generate a reduced set of dependencies.

2 Background, Definitions and Preliminary Results

2.1 Definitions

Let R be a relation schema defined over a set of attributes Attr(R). The domain
of each attribute A € Attr(R) is denoted by Dom(A). For an instance r of R, a
tuple t € r and X a sequence of attributes, we use t[X] to denote the projection
of t onto X.

An FD X — Y, where X,Y C Attr(r), is satisfied by r, denoted by r E
X — Y, if for all pairs of tuples t1,t2 € r we have: if ¢;[X] = t2[X] then
t1[Y] = t2[Y]. In other words, all pairs of tuples agreeing on attributes X will
agree on attributes Y.

A CFD ¢ defined on R is a pair (X — Y,T),), where (1) X — Y is a standard
FD, referred to as the FD embedded in ¢; and (2) T}, is a tableau with attributes
in R, referred to as the pattern tableau of ¢, where for each A € Attr(R) and
each pattern tuple t, € T}, t,[A] is either:

— a constant 'a’ in Dom(A),
— an unnamed variable T that draws values from Dom(A),
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— or an empty variable L which indicates that the attribute does not contribute
to the pattern (i.e. A ¢ X U Y)E

For any constant a of an attribute we have: 1 < a < T . We define the
pattern intersection operator I of two tuples as:

HIA]L i 1] A] < a[A]
tyMita =t such that VA € AttT(?"), tp[A} = tQ[A], if tl[A} > 1o [A]
tp[Al =L, otherwise.

We define the pattern restriction to attributes X of a tuple ¢, denoted by #(X)
as:
to[A] =t[A], fAeX
ty[A] = L, otherwise.

t(X) =t, such that VA € Attr(r), {

We define a subsumption operator C over pattern tuples ¢t; and ts:
t1 C to if and only if VA € Attr(R), t1[4] < t2]A].

In other words, ¢; C ¢y if and only if ¢; Mty = t1. We define the special tuple
Top as the tuple with value T on all attributes, i.e. t, T Top for any pattern
tuple £,,.

An instance r of R satisfies the CFD ¢, denoted by r E ¢, if for each tuple
t, in the pattern tableau 7}, of ¢, and for each pair of tuples ¢;,t2 in r, if
t1(X) = t2(X) C t,p(X), then t1(Y) = t2(Y) C £,(Y). In other words, a CFD is
an FD satisfied by a fragment relation.

A pattern tuple ¢, defines a fragment relation of 7:

re, ={ter|t, Ct}.

We will denote by r7,, the fragment relation containing all tuples of r satisfying at
least one of the patterns in T},. Note that given a CFD (X — Y, T,,), we thus have
rr, FX — Y and r—rr, ¥ X — Y. For this reason, we will denote: rx .y = rr,
and rx y = r —rg,. To ease the reading, given a CFD ¢ = (X — A,Tp), we
will sometimes denote by r, the relation defined by rT,, 1. Ty =TT, =TX A

A pattern tableau can thus be seen as a selection query on a relation returning
a fragment of the relation. Two patterns tableaux will be said equivalent if and
only if they return the same fragment relation.

Lemma 1. For any pattern tableau Tp there exists an equivalent pattern tableau
Tpy,,. Such that pattern tuples in Tp.,, ., contains either constant or empty
variables.

Proof. It is straightforward since in the worst case patterns in T, ., are exactly
the tuples of the fragment relation. O

Y In [12], empty variables are not present in the pattern tableau.
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r A B C D E F
t1 a1 bh aa di er fi
ta a1 b1 ca di e2 fi
ts a2 b1 c2 do ex fi
ta a2 by co d2 es fi
ts az ba c2 da e1 fo
te az by co di er fo
tr a2 ba ca di e1 fa
ts a2 b2 ¢ da e1 fo
to a1 by co di ex fo
tio a1 by c2 di el f2

Fig. 1. An instance relation r of the schema R

Consequence of previous lemma is that, without loss of generality, we will first
focus on CFDs which tableaux contain only constant or empty attributes. In
Section Bl we will show how to find equivalent tableaux containing the unnamed
variable T .

In the same way, to simplify the discussion without losing generality, we con-
sider, as in [12], CFDs of the form (X — A,T,) where A is a single attribute.

Ezample 1 (CFDs definition)

The CFD ¢ = (AB — C,{(T ,b2, T ,L , 1,1 )}) is not satisfied by the
relation in figure [I] because of tuples tg and #7.

However, the CFDs:

- <p2:(AB—>C,{(a1,b1,cl,J_,J_,J_),(ag,bl,CQ,J_,J_,J_),
(al,bQ,CQ,J_ ,J_ ,J_ )})
- (pg:(AB—>C7{(G,1,T,T7J_7J_,J_),(T7b17T,J_,J_7J_)})

are satisfied by the relation. Note that o and @3 are equivalent in the relation.
Indeed, the FD AB — C is satisfied in the fragment relation r,, = r,, =
{t1,t2,13,t4,tg,t10} while it does not hold on the fragment relation r — r,.
There are no CFDs of the form (AD — C,T,) in the relation.
The FDs of the relation are {B — F,F — B, ACDE — BF,ACE — BF}.

2.2 X-Complete Relations

Using the intersection operator over tuples we could build the tuples lattice of a
relation. A closed tuple will thus subsume all tuples agreeing on the same values,
i.e. the values of non empty variables in the closed tuple. This notion of set of
tuples agreeing on the same values for a given set of attributes X has already
been defined in database theory for horizontal decomposition purposes [11] or
for FDs discovery [15]. We thus use their definition to define the different closure
operators we use in this paper.

Definition 1 (X-complete property [11]). The relation r is said to be X-
complete if and only if Vt1,t2 € r we have t1[X]| = t2[X].
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In other words, a relation is X-complete if all tuples agree on the attributes X.
Note that they might also agree on other attributes: this constitutes the pattern
of r.

Definition 2 (X-complete-pattern). We call X -complete-pattern of an X -
complete relation r, denoted by v(X,r), the pattern tuple on which tuples of r
agree. More formally: v(X,r) =N {t € r}.

Note that since r is X-complete, its X-complete-pattern defines at least the
attributes in X (i.e. those attributes do not have the L value). Given a relation
r and a set of attributes it is always possible to horizontally decompose 7 in
fragment relations which are X-complete.

Definition 3 (X-complete horizontal decomposition). We denote by
Rx (r) the set of all X-complete fragment relations of r. More formally: Rx (r) =
{r' Cr | is X-complete}.

In each fragment relations, tuples agree at least on the attributes X.

Definition 4 (Set of X-patterns). We denote by I'(X,r) the set of all X-
complete-patterns of an X-complete decomposition. More formally: I'(X,r) =

{y(X, ) |7 € Rx(r)}.

Attributes X are defined in all X-complete-patterns. Some other attributes
might also be defined.

Definition 5 (Closure operator). We call closure of X in r, denoted by
0(X,r), the set of all attributes defined in all X -complete-patterns of the re-
lation. More formally:

0(X,r) ={A € Attr(r) | Vt, € I'(X,r),t,[A] # L }.
Using the closure operator (X, r) , we can trivially characterize FDL.

Property 1. Let A¢ X. Wehaver F X — A (i.e. X — Aisan FD of r) if and
only if A € (X, r).

Proof. =: Let X — A be an FD of r. Consider the X-complete horizontal
decomposition of r. For any ' € Rx(r) and V¢, t' € v/, we have ¢[X] = ¢/[X].
Since X — Ais an FD, t[A] = t/[A]. Thus, v(X,r")[A] # L . Hence, A € 0(X, r).

«: Consider A € (X, A). Thus, V¢, t' € r such that ¢t[X] = ¢/[X], we have
t[A] = t'[A] (since y(X,r:)[A] # L ). As a consequence, r E X — A. |

Note that the closure operator 6(X,r) is equivalent to the closure of a set of
attributes X using FD of r.

Proposition 1. Let ' C r. Then r' is X -complete if and only if v’ is 0(X,r)-
complete.

2 Note that this closure operator is the same that the one obtained using the agree
sets [].
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Ryp,(r)A B C D E F Rop,(r)A B C D E F
t1 ar b aa di en fi t3 az b1 c2 do ex fi
t2 a1 by aa di ex fi ta az by c2 do es fi

’Y(AB:RGNH (T)) = (a1,b1,61,d1,J_ 7f1) ’Y(AB,RGQIH (T)) = (a27blvc27d27J— 7f1)

Rapy,()A B C D E F Rup,()A B C D E F
ts5 az by c2 do er fo tg a1 by c2 di e fo
te az by c2 di er fo tio a1 by c2 di e1 fo
t7 az b2 ¢ di er fo
ts az by ¢ d2 er fo

W(ABvRazl&(T)) = (a27b27J— 7J— 7617f2) ’Y(ABvRazbl (T)) = (a17b27c27d17J— 7f2)

Fig. 2. The AB-complete horizontal decomposition of relation r of figure [[l and their
corresponding AB-complete patterns. The closure of AB is §(AB,r) = {A, B, F'}.

Proof. <: trivial since X C 0(X,r).

=: Consider ¢,t' € ' such that t[X] = #/[X]. Let us demonstrate that
tO(X,r)] =t'[0(X,r)].
VAed(X,r)— X, rEX — A (ie. X — Ais an FD). Thus, v’ £ X — A since
r’ C r. As a consequence, t[A] = t'[A]. |

A consequence is that X and 0(X,r) define the same X-complete horizontal
decomposition of 7. This leads to the following corollary.

Corollary 1. I'(X,r) = I'(0(X,r),r).

Ezample 2 (X-complete patterns)

In the relation of figure [l the fragment relation rap = {t1,t2} is AB-
complete. The AB-complete horizontal decomposition of r is
RAB(T) = {{tl, tQ}, {tg, t4}, {t5, tG, t7, tg}, {tg, th}}- This decomposition is
shown on figure 21

The set of AB-complete patterns is I'(AB,r) = {(a1,b1,¢1,d1, L, f1),
(Clg, bl, Co, dz, 1 s fl), (az, bz, 1 s 1L , €1, fg), (Cll, bg, Co, dl, 1L s fg)}

The closure of AB is §(AB,r) = {A, B, F'}. Note that this is coherent with
the FD B — F.

3 Link between CFDs, FDs and ARs

Here we show the relation between CFDs and other usual dependencies.

FDs: An FD X — A can be seen as a CFD (X — A,t,) where ¢, is a single
tuple with no constants, i.e. t, = Top(X U {A}). In other words, r F X — A if
and only if rx_4 =r (and thus rx_4 = 0).

ARs: An AR is a dependency (X1 =b1) A--- A (X = b)) — (A = a) meaning
that for any tuple ¢ € r, if ¢{X1] = by and - - - and ¢[X}] = by, then ¢[A] = a. Note
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that for this kind of dependency, contrary to FDs and CFDs, no agreement is
needed among tuples. The support of an AR is the number of tuples of the relation
satisfying the dependency. An AR can be expressed using a CFDs which tableau
consists in a single pattern tuple containing only constant or empty values.

Ezample 3. In the relation of figure[ll the AR (A = a1, B = by — C = ¢2) could
be rewritten as the CFD (AB — C, (a1,b2,c2, L , L, L )). The support of this
AR is 2 corresponding to the size of the fragment relation obtained using the
pattern tuple (a1,ba,co, L, L, 1).

Lemma 2. Let r be a relation, X C Attr(r), such that r is X-complete. Then
the following assertions are equivalent:

1. (X = A,v(X,r)) is a CFD of r
2. X - Aisan FD of r
3. (X — A,v(X,r)) is an AR of r

Proof. If | r |= 1, the lemma trivially holds. We thus consider that r contains
at least two tuples ¢,¢'. Since r is X-complete, we have r is §(X, r)-complete,
Rx(r) = {r}, and I'(X,r) = {v(X,r)}. If A & 6(X,r), all assertions are false
(and thus equivalent). Suppose that A € 6(X,r). Thus, Vi, t' € r, we have
t(XU{A}) =t (X U{A}). |

Lemma Pl states that when a relation is X-complete, FDs, CFDs and ARs of the
form X — A are equivalent. The next theorem characterizes the link between
FDs, CFDs and ARs when the relation is not X-complete.

Theorem 1. Let r be a relation, X C Attr(r), A € Attr(r)\ X and T, = {t, €
I'(X,r) | t,[A] # L }. The following assertions are equivalent:

1. (X —- A, T,) is a CFD of r
2. X — Avis an FD of rr,
8. For anyr' € Rx(rr,), (X — A,y(X,r")) is an AR of r

Proof. 1 = 2: We suppose that (X — A,T,) is a CFD of r. Thus, V¢, € T, we
have r;, F X — A. Since rg, = UtpeTp r¢,, we have r, F X — A

2 = 3: We suppose that r7, F X — A. We thus have V7' € Rx(rr, ), 7' is X-
complete. Since 7’ F X — A, v’ is X U {A}-complete. Hence, (X — A,y(X,r"))
is an AR of r’. Since for any ¢’ ¢ 7’ we have t/(X) # v(X,r")(X) we conclude
that (X — A,v(X,7")) is a CFD of r.

3 = 1: We suppose that Vr' € Rx (rr,), X — Ais an AR of r. From Lemma 2]
we conclude that ' F X — A. Since 1, = Ur’eRx(er) ', we have rr, £ X — A.
Moreover, Vt;, € I'(X,r) such that ¢, & T), we have t[A] = L . Thus, ry
X — A. And thus r — r7, 7 X — A. Therefore, we conclude that (X — A,T)
is a CFD of r. O

Theorem [ is quite important for understanding the link between ARs, CFDs
and FDs. Indeed, it leads to a hierarchy among those dependencies:
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—an AR (X — A,¢p) is a dependency that holds on at least one fragment
relation of  which is X-complete. In other words, there exists at least one
fragment relation which is X-complete and such that tuples agree on at-
tributes X and A.

— a CFD (X — A, T,) is a dependency that holds on some fragment relations of
r which are X -complete. It can thus be viewed as the union of ARs holding on
those fragment relations. In other words, on each of those fragment relations
where tuples agree on X, they also agree on A.

— an FD is a dependency that holds on all fragment relations of r which are
X -complete. It can thus be viewed as the union of ARs holding on all those
fragment relations. In other words, in any fragment relation which is X -
complete, tuples agree on attribute A.

Agreement or not on an attribute A for tuples in an X-complete fragment
relation is thus the core condition for a dependency X — A to hold or not in
this fragment relation.

Definition 6 (A-Valid and A-Invalid X-complete pattern tuples). An
X -complete pattern tuple t), is said to be A-valid towards A if and only if attribute
A is defined in t,.

We denote by W(X — A) the set of all A-valid X-complete pattern tuples.
More formally: (X — A) = {t, € I'(X,r) | t,[A] # L }.

Dually, we denote by W(X + A) the set of all A-invalid X -complete pattern
tuples: V(X A A)=T'(X,r) —¥(X — A).

In other words, an X-complete pattern tuple is said A-valid if in its corresponding
X-complete relation all tuples agree on A. Given a set of attributes X we can thus
decompose the global relation in two subsets of fragment relations: those agreeing
on A (represented by the set of their X-complete pattern tuples ¥ (X — A)) and
those that do not agree on A (represented by the set of their X-complete pattern
tuples ¥ (X 4 A)).

Thus, for any dependency X — A, the set ¥ (X — A) can be interpreted as the
pattern tableau selecting the fragment relation of r on which the dependency
holds. In other words, any CFD (X — A,T,) could be rewritten as (X —
A, W(X — A)) (the CFDs are equivalent).

If¥(X — A) is empty, the dependency does not hold in any fragment relation
(denoted by X 4 A). We will say that X — A is a pure AR if it holds exactly on
one X-complete fragment relation (i.e. (X — A) contains only one pattern tu-
ple). We will say that a CFD is a pure CFD if it holds on at least two X-complete
fragment relations and does not hold on at least one X-complete fragment re-
lations (i.e. (X — A) contains at least two pattern tuples and ¥(X 4 A) is
not empty). In other words, a pure AR does not generalize into a CFD, while a
pure CFD does not generalize into an FD. This hierarchy is summarized in the
following table.
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Dependency Type U(X — A7 U(X A A7
XA A U(X — A=
X—A Pure AR |P(X = A)|=1 |¥(X A A)|>1
Pure CFD |¥(X — A)|>2 |¥(X A A)|>1
FD (X A A) =0

The main consequence of this hierarchy is that any algorithm which computes
ARs could be adapted in order to compute CFDs and FDs. Another interesting
consequence is that, when mining ARs in a relation, one could reduce the number
of generated ARs: indeed some of those ARs are in fact CFDs or FDs and
thus could be regrouped into a single dependency! Algorithms could reduce the
amount of generated dependency by generating only the pure ARs, the pure
CFDs and FDs. Moreover, such generation could ease the expertise work since
some extra information is present: a pure AR is a dependency which holds only
for one precise combination of values of attributes X while, on the opposite, an
FD holds for any combination of values of attributes X.

Ezxample 4 (Link between FDs, CFDs and ARs)
The CFD ¢4 = (E — A,{(ag, L, L, 1 es, L,})isapure AR of the relation
of figure [Tl
P2 = (AB - Ca{(alabluchJ— L, L )7(a27b17027J— L, L )7
(a1,b2,c9, L , L ;1 )}) is a pure CFD of the same relation. Indeed, we can
note that AB — C is an AR in the fragment relations Rg,p, (1), Ra,p, () and
Ry, (1) (see figure ). In the same way, AB — C is an FD for the fragment
relation ry, = Ra,p, (1) U Ragp, (1) U Rayp, (r). Thus | ¥(AB — C) |= 3 and
| #(AB #4 C) |=1: AB — C is a pure CFD or .
Now consider attributes AD of the relation in figure[Il
F(ADJ’) = { (ahJ_ 7J_ ,th_ 7J_ ), (a27b2,1_ 7611,617,]62),
(az, L, L ,dy, L, 1)}
From this, we see that ¥(AD — C) = (). As consequence, there are no CFDs in
r of the form (AD — C,T),).
Now counsider the attributes ACE.
F(ACE, ’I") = { (Cll, bl, Cc1, dl, €1, fl), (Cll, bl, Ci, dz, €2, fl)
(a1,b2,c2,d1, e1, fa), (a1, b2, ca,d1, €2, f2),
(az,ba,c1, L €1, f2), (a2, b2,¢2, L €1, f2),
(a2, b1, c2,dz, €2, f )(a2,b1,02,d2763,f1)}
Hence we have W(ACE 4 B) = (. Thus, ACE — B is an FD of the relation.

4 Extending the Hierarchy to Approximate FDs and
Approximate ARs

An AFD [15] is an FD that almost holds: some tuples of r invalidate the FD,
representing errors or exceptions to the rule. Several ways of defining the approx-
imateness of a dependency X — A have been used. The most common accepted
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measure is the g3 error, representing the fraction of rows that should be removed
from 7 in order to have r E X — A. :
(maz{| s| st. sCrAskEX — A})

X—-A)=1-
o= ]

We call support of an AFD X — A, denoted by Support(X — A), the size
of the maximal fragment relation S,,q, such that s,,.. F X — A. The g3 error
could thus be rewritten:

Support(X — A)

X—-A)=1-
93( - ) |7"‘

An approximate AR is, in the same way, an AR which almost holds on r: some
tuples of r invalidate the AR. Measure of approximateness of an AR (X — A, t,)
is the confidence conf((X — A,t,)), expressing the conditional probability for
a tuple t € r of having ¢t[X U {A}] = ¢,[X U {A}] knowing that ¢[X]| = ¢,[X].

| 74, (xuga}) |

COnf((X - A7tp)) = | I (X) |

Obviously, given a pure CFD (X — A,T,), X — A is an AFD. Moreover,
rx—-A C Smaz- Thus we have | r1, |=| rx_-a [< Support(X — A). Missing
tuples might be found in rx 4 4.

For any pattern tuple ¢, in ¥(X /4 A), r;, ¥ X — A by definition. However,
if we consider R(ry, ), the A-complete horizontal decomposition of 7, we have:
Vr' € Ra(ry,),r E X — A Thus, rr, Ur' E X — A If we take r' € Ru(rs,)
such that | 7/ | is maximal, then r7, U7’ C 5540

Proposition 2. Given a CFD (X — A, T),):

Support(X — A) =|rp, | + Z maz({|r" | s.t.v" € Ra(ry,)})
tpEW (X A)

Proof. Vt, € W(X / A) and Vi’ € Ra(ry,) we have ' £ X — A. Thus,
rr, Ur' E X — A. Let rpae = Utpew(x#A) ' such that ' € Ra(rs,) and | " |
is maximal. We thus have 77, Urpae F X — A and for all t € (r — (r7, UTmaz))
we have (r — (17, UTmaz)) 7 X — A.

As a consequence, Support(X — A) =|r1, UTmaz |- O

Given a CFD (X — A,T,) and a pattern tuple ¢, in ¥(X - A) we have seen
that V7' € Ra(rs,), " F X — A. In other words, X — Aisan AR of r’. It is also
an approximate AR of 7 which confidence is | 7" | / | r, |. Thus, approximate
ARs with maximal confidence in each of the X-complete fragment relations of r
define a fragment relation that participates in the support of the AFD.

Theorem 2
Support(X — A) = Z |7, |
r’"€Rx (r)

with 1y € Ra(r') and (X — A,t;,) is an AR of r’ with mazimal confidence.
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Proof. ¥r' € Rx(r) and Vr"” € Ra(r') we have " E X — A. Thus X — A is an
AR of r” since " is X U {A}-complete.

If v/ = 7" then X — A is an AR of ' with confidence 1.

If v C 7’ then X — A is an approximate AR of r’ with confidence < 1.

If | " | is maximal in R 4(r"), then the confidence of the approximate AR X — A
is maximal in /. We conclude using previous proposition. a

In other words, an AFD can be seen as the union of ARs (one per X-complete
fragment relation of the relation) with maximal confidence: this includes exact
ARs and approximate ARs, while an FD is the union of all exact ARs. A conse-
quence is that any algorithm which computes both exact and approximate ARs
could be used to discover AFD and their support.

Ezample 5 (Link between AFDs, ARs and approzimate ARSs)

Consider the CFD:
P2 = (AB - Ca{(alabluchJ— L, L )7(a27b17027J— L, L )7
(a1,b2,c9, L, L, 1)})of the relation in figure[ll The fragment relation satisfying
the CFD @3 is rap—c = Ralbl(T) U Ra2b1(T) U Ralbz(’r). Thus | TAB—C ‘: 6.
(see figure [2).

If we consider rapsc = Raup, (1), we could decompose it in ABC-complete
fragment relations: Ra,pyc, (1) = {t5,t6} and Rgybye, (1) = {t7,ts}. Each ABC-
complete fragment relation satisfies the implication AB — C. We can thus add
one of the fragment relation to rap_.c without invalidating AB — C. Both
fragment relations have the same number of tuples: 2. Thus, the support of the
AFD AB — C is 8.

5 Constraint Satisfaction for Pattern Tableau Generation

We have seen that any CFD admits an equivalent CFD such that the pattern
tableau consists only of pattern tuples with constant or empty tuples (lemma
@ Moreover, we have seen that any CFD can be rewritten into the equivalent
CFD (X — A, ¥(X — A)). The set (X — A) can be viewed as a selection
query which returns the fragment relation satisfying X — A. Any selection query
returning a fragment relation satisfying X — A could thus be a valid pattern
tableau for the CFD. The objective of this section is to study how to compute
equivalent tableaux of a CFD of the form (X — A, ¥(X — A)). We suppose
that both (X — A) and ¥(X 4 A) are known.

5.1 Generating All CFDs

The tableaux ¥(X 4 A) is the query returning the fragment relation where
X — Ais not satisfied. We can thus view ¥ (X /4 A) as a set of constraints that
should be satisfied in order not to have X — A:

cx A=\ (/\ B:t[B])

tew (X AA) BeX
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If we take the complementary constraint, we thus obtain the set of constraints
that should be satisfied in order to have X — A satisfied.

CxX £ A= N\ (\/ B;ét[B])

tew(X4A) BeX

Theorem 3. Given r a relation and (X — A, W(X — A)) a CFD of r then for
any model m of C(X 4 A), the pair (X — A, m) defines a CFD of r.

Proof. Consider m a model of C'(X 4 A)

=V, eW(X A A),miLt,

=Vt e TX A, T Zt

= Tm CSTrx—aA

=>rp,EFX—-A

(Note that r,, might be empty). O

Any model of C'(X 4 A) defines a selection query such that the resulting frag-
ment relation satisfies X — A. Note that r,, C rx_ 4. Thus (X — A, m) and
(X - A, ¥(X — A)) might not be equivalent. In other words, (X — A,m) is a
CFED of the relation that could be generalized into (X — A,¥(X — A)). Note
also that any set M of models of C(X 4 A) defines a CFD (X — A, M) of
the relation. Thus, the problem of finding the CFDs of a relation can thus be
expressed as finding the models of a particular constraint.

Problem 1 (All models).
Input : C(X 4 A)
Output : Marr, = {m | m is a model of C(X 4 A)}.

Note that the fragment relation selected by the model might be empty. In this
case the CFD trivially holds. However, in order to be meaningful, it would be
preferable to find models which do return a non empty fragment relation.

Problem 2 (All models in r).
Input : C(X +4 A), relation r
Output : Marr(r) ={m € Marr, | 3t € r,m C t}.

5.2 Generating CFDs Equivalent to (X — A,¥(X — A))

To define a model of C(X 4 A) in the relation r, a pattern tuple ¢, has to
subsume at least one tuple of the relation and not subsume any A-invalid pattern
tuples in ¥(X 4 A). This condition can be simplified using pattern tuples in
U(X — A).

Proposition 3. Given a relation r, ¥(X — A) and ¥(X 4 A), a pattern
tuple m is a model of C(X 4 A) in r if and only if It, € ¥(X — A) and
Vi, € U(X £ A) we have t, £ m and m C t,,.
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Proof. A pattern tuple m is a model of C'(X 4 A)

& Vt, e U(X 4 A), m 7 t, (by definition).

We consider Y C X the attributes of m which are not equal to L .
m is of a model in 7 if and only if m is a model and 7, # 0.

S derxa,mCt

< Jterx_a, mY]=tY]

& Jterx_a, Iy, €U (X — A), t, Ctand m[Y] = ¢[Y]

& Jterx_a, Ity € ¥(X — A), t,[X] =t[X] and m[Y] = ¢[Y]

S Jterx_a, Iy, e V(X — A), t,[Y] =t[Y] =m[Y] (since Y C X)

S Ieryg, H, eV (X —A), mCt, Tt

&I, e¥(X —A),mCt, |

Thus, any pattern tuple ¢, in ¥(X — A) defines a sub-constraint of C(X /4 A),
denoted by C(X 4 A)tp: only constant values in ¢, are allowed for the models.
It is easy to check that any model m of this sub-constraint is also a model of
the global constraint. Moreover, all tuples subsumed by ¢, are also subsumed by
m. And m does not subsume tuples subsumed by pattern tuples in (X /4 A).
Thus, if we pick a model m for each ¢, in ¥(X — A) we obtain a set of models
M such that (X — A, M) is equivalent to (X — A,¥(X — A)). Note that
the set of tuples subsumed by two models in M might overlap and thus some
models of M might be redundant (i.e. the corresponding pattern tableau might
be reduced).

While we are interested here in generating all equivalent tableaux of a CFD,
authors in [14] are interested in finding the equivalent tableau of a CFD such
that this tableau is optimal: the number of pattern tuples in the tableau is the
smallest possible. They show that this problem is NP-complete.

5.3 Equivalence to the Problem of Keys Generation

We now show that finding models of C(X /4 A) is equivalent to the problem of
finding keys in a relation.

Definition 7 (Relations of models in r). Given t, € ¥(X — A), we define
the relation ri, (U (X /4 A)) = {t,(X) Nt,(X) | t;, € U(X /A A)FU{t,(X)}.

Any pattern m which subsumes t,(X) while not subsuming other tuples in the
relation r;, (¥(X # A)) is thus a model. In other words, keys of r, (¥ (X /4 A))
are models of C'(X 4 A). This is formalized by next theorem.

Theorem 4. The pattern tuple m, defines a model of C(X 4 A) in r if and
only if there exists t, € U(X — A) such that y(myp,r, (W(X /4 A))) = t,(X).

Proof. my, model in r

&V, e W(X A A),my L t, and 1y # 0

&Vt er, (V(X 4 A)) such that ¢ # ¢,(X), mp, Z t and 7, # 0

& y(mp, e, (W(X A A))) =t,(X) and rp, # 0

And since 3t € r such that ¢,(X) C ¢:

& (. 1, (U(X A A)) = £,(X) 0
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Thus, to find models of C(X /4 A), one could use any algorithm which finds
keys of a relation. Finding just minimal keys could be more interesting since all
keys could be inferred from minimal keys.

Problem 3 (All minimal models in r).
Input : C(X +4 A), relation r
Output : Mprin = {m € Marr(r) | Ym' € Mapr(r),m’ € m}.

Finding all minimal models is equivalent to finding all minimal keys of the rela-
tions r¢, (W(X 4 A)), for any t, € ¥(X — A). Note that such minimal models
define minimal generators of the pattern tuples in ¥ (X — A) and could thus be
computed directly during the generation of the CFDs and FDs.

Ezample 6 (Constraint satisfaction for pattern tableauz)
Consider attributes ABC' in the relation of figure [l
F(ABC/I’) - { (alablucludlvj- 7f1)7 (a17b27627d17J— 7f2)7
(az,bl,CQ,dz,J_ ,fl), (ag,bz,cl,J_ , €1, fz),
(az,bQ,CQ,J_ ,el,fg)}

We have:

W(ABC — D) ={ (a1,b1,c1,d1, L, f1),(a1,b2,c2,dy, L, fa),
(az,b1,c2,d2, L, f1)}
and Ep(ABC 7L> D) = { (ag,b2,61, 1 7617]02), (a27b27027j_ , €1, fg)}
We thus obtain the following constraints:
O(ABC*/QD): (A#GQVB#bQVC#Cl)
AN(A#asVB#byVC #ca)
Consider tp = (al,bl,cl,dl, 1 ,fl). We have tp(X) = (al,bl,cl,J_ , L ,J_ )
re, W(ABC /A D)) ={(L,L,c1, L, L, 1),
(L,L,1,1,1,1),
(ahthhJ_ ,J_ ,J_ )}

Minimal keys are (a;,L ,L ,L ,L L )and (L ,b,L ,L L L) If we
consider all pattern tuples in ¥(ABC — D), we finally obtain the following
CFD:

Y5 = (ABCHD,{{(CU,T ,T ,dl,J_ ,J_ )7(—|— ,bl,T ,T 7J_ 7J_)})

Note that 5 could be simplified since (A — D, {{(a1, L, L ,dy, L ,1)})is

a CFD of r.

6 Discussion and Conclusion

The notion of CFD was originally introduced in [6]. Authors focused on im-
plication inference and consistency. In their conclusion, they pointed out that
discovering CFDs in a sample relation might be interesting for their purpose:
this remark was the starting point of our work presented here. The CFDs were
extended in a sequel paper [7], leading to a more expressive class of dependencies
(eCFDs) which allow the use of disjonctions and inequalities in the expression
of patterns. However, eCFDs are just a particular case of CGDs [2]. The notion
of X-complete relation is defined in [I1] and largely inspired us in our results.
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In [I5], the algorithm Tane uses partitions to discover FDs and AFDs. Their
partitions are exactly X-complete relations. Their approach is similar to the A
priori algorithm in the sense that the search space is the powerset lattice. One
could easily improve the Tane algorithm by reducing the search space to the
closed set lattice (in the same way as Close improves A priori). As a matter of
fact, it is exactly what authors in [I3] did to discover CFDs. In the same way,
any algorithm which searches the closed set lattice could be used (as it has been
done in [I3]). Concerning efficient algorithms to discover closed sets or ARs,
there are too many in the literature to put forward one. In the paper, we give
link to some of them which inspired the others. The important result being that
those algorithms can easily be adapted to find FDs, pure CFDs and pure ARs
(exact and approximate).

The link between ARs and DFs was never (to our knowledge) formally estab-
lished. It is well known however that algorithms which find ARs could be used to
find FDs of a relation: such ARs discovery algorithm could simply be applied on
the agree sets of the original relation [16]. In the same way, algorithms used to
discover FDs could be easily adapted to discover ARs (either by a discretization
of the relation or by slightly changing the comparison operator [15]). The formal
link between ARs, FDs and (of course) CFDs is thus one of the main contribu-
tion of the present paper. FDs are the union of CFDs which in turn are the union
of ARs, establishing a hierarchy among those dependencies. Using this hierarchy
we can thus define a minimal non redundant cover of dependencies containing
FDs, pure CFDs and pure ARs. In the same way, AFDs are union of ARs and
approximate ARs with maximal confidence (one per horizontal decomposition
of a relation according to a set of attributes).

We also establish the link between the problem of finding equivalent pattern
tableaux of a CFD and the problem of finding keys of a relation.

The immediate next step to this paper is to implement our method in order to
compare the number and the pertinence of the generated dependencies against
the ARs generated by traditional data mining algorithms. Because of the hierar-
chy existing among FDs, CFDs and ARs, the number of dependencies generated
should be drastically lesser. In the same way, by using different pattern tableaux
for a same CFD, the work of interpreting the dependencies should be eased.
Those assumptions should be validated through some experiments on real life
applications.

We also intend to extend our study to eCFDs. Is there a link between ARs
(or particular types of ARs) and eCFDs 7 Establishing such a link would lead
to an immediate application of the same approach to discover eCFDs. More
challenging work is to show that any CGD could be inferred from ARs.
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Abstract. In [3] the classical rough set approach was generalized in the
manner that lower and upper approximations were replaced by arbitrary
kernel and closure operators respectively. Furthermore, the resulting lat-
tices of rough set abstractions were described as P-products. This ap-
proach, though promising, needs additional research to become part of
a unifying theory of Rough Set Theory and Formal Concept Analysis.
For example, the role of robust elements and the possible existence of
suitable negation operators were not addressed. We present results in
these directions and on the structure of these lattices.

1 Introduction

In recent years there has been a mutual interest of bringing together Formal
Concept Analysis and Rough Set Theory. Several authors made respective con-
tributions. Many of them handle a topic they call Rough Concept Analysis. In
[3] Ganter chose another approach. He proposed a way to generalize the classical
rough set setting and described the resulting rough set abstractions with tools
from Formal Concept Analysis.

The classical approach of Rough Set Theory [6] starts with an equivalence
relation ~ on a universe U. The pair (U, ~) is usually called an approzimation
space. Thereby x ~ y is interpreted as z and y being indistinguishable. Given
such an indiscernibility relation ~ on U one defines

X. ={uelU]|u.CX},
X" = {ueU]|lul~NnX #0},

and calls these two sets the lower and the upper approximation of X C U.
Furthermore, the pair (X., X*) is said to be the rough set approximation of X.
A subset X is called rough if X, C X* holds. Otherwise X is called crisp. Hence,
a subset of the universe is crisp if and only if it is the union of equivalence classes.

Ordering all approximations (X, X*) by componentwise set inclusion (i.e. the
canonical order of P(U) x P(U)) leads to a complete lattice. These lattices are
very similar to Boolean lattices, since they are direct products of chains having
the length one or two. Here singleton equivalence classes correspond to chains of
length one, whereas non-singleton classes correspond to chains of length two. As

* Supported by the DFG research grant no. GA 216,/10-1.

S. Ferré and S. Rudolph (Eds.): ICFCA 2009, LNAI 5548, pp. 114 2009.
© Springer-Verlag Berlin Heidelberg 2009
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an example take the identity on U as the indiscernibility relation. In this case all
equivalence classes are singletons. Thus, the lower and upper approximations of
a set equal the set itself. Hence, the lattice of all approximations is isomorphic to
the power set lattice (U) which obviously is a direct product of chains having
length one.

Obviously the mapping X +— X, is an interior operator and X +— X* is
a closure operator. Ganter used this fact to generalize the notion of rough set
approximations starting with so-called kernel-closure-pairs consisting of an ar-
bitrary kernel and an arbitrary closure operator on U. In the underlying article
we want to pick up this train of thoughts and examine properties of the resulting
lattices. As proposed in [3], certain elements of the universe play a special role.
We will call them robust elements. They generalize the elements having singleton
equivalence classes in the classical setting. The robust elements are not the ex-
clusive topic of this article. Anyhow we believe it increases their understanding.
That is why the robust elements made it into the title.

We investigate basic structural properties of the lattices of rough set ab-
stractions. With Proposition [I] we propose a perspicuous characterization of the
rough set abstractions. Furthermore, we propose a simple sufficient condition un-
der which all abstractions are generated by subsets of the universe, and propose
possible negations of abstractions and their properties.

2 Rough Set Abstractions

Throughout this article K denotes a kernel system and C denotes a closure system
on the universe U. The corresponding interior and closure operators are denoted
by |-] and [-] respectively. Hence, for every subset X of the universe | X | is the
largest kernel out of K which is contained in X, whereas [X] is the smallest
closure from C that contains X. The complement U \ X of X is denoted by XC.

The question is how to generalize the notion of rough set approximations start-
ing with such an arbitrary kernel-closure pair (||, [-]). An obvious approach is
to investigate all pairs (| X |, [X]) with X C U. But this leads to unwanted dif-
ferences to the classical setting of rough set theory. Firstly, the pairs (| X |, [X]),
ordered by componentwise set inclusion, do not necessarily form a latticd!]. Sec-
ondly, even if these pairs form a lattice, infimum and supremum need not be
the componentwise infimum and supremum induced by the corresponding oper-
ations in K (first component) and C (second component). In 3] these problems
were solved in the following way:

Since IC and C, each ordered by C, are complete lattices, their direct product
K x C also is a complete lattice with

\/ (K., Ci) = (UKM[UCJ) and /\tht ([ﬂKﬁ,ﬂ@)

teT teT teT teT teT

for (K;,Cy) € KxC (t € T). By I :== I we denote the complete sublat-
tice of K x C that is generated by all the pairs (| X |,[X]) with X C U. The

! See for instance Example [Il on page [[27]
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pairs (K, C) from I" are called rough set abstractions (just abstractions for
short). Furthermore, we say that X C U generates the abstraction (| X |, [X]).
Abstractions that are generated by a subset of U are called set-generated.
We shall see in Proposition [ that this notion of a rough set abstraction is a
very natural generalization of the rough set approximations in classical rough
set theory. For that we need the notion of robust elements.

We put Ry := {z € U | {z} € K} and R©) := {2 € U | U\ {z} € C}.
Elements from Rk, are called kernel robust. Dually, the elements from R(©
are called closure robust. The elements from R := R N R{C) are simply
called robust. Furthermore, for p = (K,C) € I

— we call K the positive region of p,

— we call U \ C the negative region of p,

— we call C'\ K the boundary of p, or the uncertain region of p,
— we call U \ K the nonpositive region of p, and

— we call C the nonnegative region of p.

Proposition 1. A pair (K, C) consisting of a kernel K € K and a closure C' € C
is a rough set abstraction from I'c ¢ if and only if K C C holds and C \ K does
not contain a robust element.

Proof. We begin this proof with showing that any abstraction (K, C) fulfills the
properties C' C K and (C\ K)NR = (. Therefore, we have to show that every set-
generated abstraction fulfills the two properties. Furthermore we have to show
that the two properties are preserved by suprema and infima in ICx C. Obviously,
for any A C U it holds that |A| C [A]. Furthermore, for any x € [A] \ | 4] the
premise € R implies z € A and o ¢ A. Let R = {(K;,C;) |j e J} CK xC
be a set of pairs fulfilling the two aforesaid properties, i.e. it holds that K; C C}
and ) = RN (C; \ K;). We define

VR = (UK. [UG]| = (K. Coap)  and

jeJ jeJ

AR = {mKJ‘Ja NG| = (Kt ,Cin).

jeJ jeJ

It is easy to see that Kgp € Csup and Kinsr € Cine hold. Let us assume = €
Csup \ Ksup is robust. This implies x € UjEJ C; and therefore there is a ¢ € J
with z € C,. Since z is robust and (K, , H,) fulfills the two properties from
above it follows z € K,. But this contradicts * ¢ K., Suppose there is a
robust element © € Cin \ Kipe. This implies « ¢ [ e K;. Hence thereisat € J
with « ¢ K,. Analogous to things shown above it follows z ¢ C, and therefore
x ¢ Cins. A contradiction.

We now have to show that any pair (K,C) from K x C fulfilling the two
properties from above really is an abstraction, i.e. there are pairs of the form



Robust Elements in Rough Set Abstractions 117

([X], [X]) that generate (K, C'). We therefore put A := CNR k) and B := A\ K.
Since B does not contain a closure robust element it follows that

A (WL} [UN{y}]) = (lU\BJLU) = (|A°UK].U)

yeB

is an abstraction. Furthermore, it holds that
zeC

which implies that also
(AUK,C) = (IK],[K])V (4,0)
is an abstraction. Thus,
(K,C) = (AUK,C) A ([APU K|, U)
is an abstraction as well. O

In the remaining part of this section we analyze the basic structure of lattices of
rough set abstractions. If one chooses the trivial kernel system {0}, one obtains
I'cc = C. Similarly, C = {U} implies I'cc = K. Hence, the reader should
not expect that lattices of the form I'x ¢ do have any special lattice theoretic
properties. It is more advisable to investigate how the interaction of K and C
mirrors the structure of I'c c.

Corollary 1. For every subset X of U the following holds:

(i) X CRyy = X ek,

(i) X CR® = XxCtec,
(iii) X CR = X e K and X® e,

(iv) X URE is the greatest closure C, for which (| X |,C) is an abstraction,
(v) X N R is the smallest kernel K, for which (K, [X]) is an abstraction,
(vi) (X N R, X URY) is a rough set abstraction with the boundary RE.

Proof. The first three items are trivial. From (iii) follows that XURE = (XCNR)C
is a closure. Furthermore, (X UR®)\ [ X | = (X \ [ X ])U(RC\ | X]) € RC implies
that (| X ], X U R®) is an abstraction. For %K, C) € I with K = | X it holds
that C = K U(C\ K) C | X|URCE C X URE. The fifth statement can be shown
analogously, whereas (vi) holds because of (X U RE)\ (X N R) = RE. O

Corollary 2. K as well as C are isomorphic to subintervals of I'c c. Corre-
sponding isomorphisms are given via:

(i) o:C— ((0,[0]),(R,U)) with C — (CNR,C),
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(ii) ¢ : K — (0, R®), ([U],U)) with K — (K, K U RY).

(iii) The intersection (0, RC),(R,U)) of the two intervals from (i) and (ii) is
again a nonempty subinterval of I'. It is isomorphic to the powerset lattice

P(R).

Proof. Tt follows directly from the previous Corollary [] that ¢ and 1) are well
defined. Since ¢ (¢) equals the identity map regarding the second (first) com-
ponent it is an order embedding. Hence, it remains to show that both mappings
are onto. For every (K,C) € I' it holds that C N R C K. Thus, with the ad-
ditional assumption K C R it follows C N R = K. Analogously it always holds
CCKU RB, and thus the assumption R cC implies C = K U RC. Statement
(iii) holds, since the interval in question consists exactly of all the rough set
abstractions (T, RC UT) with T C R. O

Let K2 be the described subinterval of I" that is isomorphic to K, and let Cy be
the subintervall isomorphic to C. We call K# UCy the spine of I'. We call I" slim
if it equals its spine. Furthermore, the interval Cy N K# might be interpreted as
the middle of I'. Statement (iii) in connection with Proposition [l says that the
rough set abstractions from the middle are exactly the rough set abstractions
that have the largest occurring boundary, namely RC. Tt is possible to generalize
statement (iii) in the way that the set

Ilp = {(K,0)e ' (C\K) 2 B}

of all abstractions with a boundary containing a fixed minimum boundary B is
empty or is an intervall in I'. It is easy to see that I'| 5 is nonempty if and only
if B C RE holds.

Lemma 1. Let 9(p) denote the boundary of a given p € I'. For p1,ps € I' it
holds that
AprAp2) 2 9p1)NA(p2) S O(p1Vp2).

Proof. For (K1,C1) := 1 and (K2,C2) := 72 it holds that
AprAp2) = (C1NC2)\ [K1NKs|
S (G NC)\ (K1 N K>)
2 (C1\ K1) N(Ce\ K3) and
Ap1Vp2) = [CrUCe]\ (K1UK>)
= ([C1UC]\ K1) N([CLUCe]\ K)
2 (G \ K1) N (C2\ Ka).

O

Proposition 2. For every B C RC the set I'|g is a nonempty subintervall of
I'. It holds that I'|p = I'c,, ¢, where

Kp = {KeKk|KcCBY and Cp :={CecC|BCC}.
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Proof. By Corollary [ (iv) and (v) we get that (), [B]) and (| B¢, U) are ab-
stractions. For (K, C) € I' it holds that

0,[B)) € (K,C) C (|B%),U) <= KC|[B" and [B]CC
«— KcB® and BCC
<~ C\KD2OB
— (K,C)€eTr]g.

Hence, I'| g indeed is a nonempty subintervall of I'. For proving that it can be
considered as the system of rough set abstractions I'k, ¢, we just have to show
that in both cases (K & C vs. Kp & Cp) the same robust elements occur. Thus,
we have to show

{r}eKandU\{r}eC < {r}eKpandU\{r}eCg.

If {r} € K and U\ {r} € C holds, both statements {r} ¢ Kp and U\ {r} ¢ Cp
each are equivalent to r € B. Hence, the premise B C RC directly yields the
contradiction that r is not robust (regarding to K and C). The backward direction
is trivial. O

An abstraction (K, C) is contained in the spine of I" if and only if K = CNR or
C = K U RC holds. These are exactly the abstractions with a boundary that is
already maximal, or that can be extended in at most one direction: either into
the positive region, or into the negative region.

Corollary 3. The spine is a complete sublattice of I.

Proof. The spine K2UCy is a sublattice of I since it is the union of an order filter
and an order ideal. Furthermore, the spine contains the least and the greatest
abstractions. Since one can split up the supremum of R C K2 U Cy into the
supremum (R NK2) V (RNCy) of at most two elements from the spine, we get
that it is closed under arbitrary suprema. Analogously one shows that A R also
belongs to the spine. O

3 Contextual Representation

The main result of [3] was describing the lattice I" as a P-product of K and C.
The P-product of complete lattices is a subdirect product. It can be described via
formal contexts called P-fusions; see [4]. The mentioned approach starts with
describing |-| and [-] via formal contexts. Since every closure system can be
described as the set of extents of a formal context, there is a formal context C =
(U, M, J) such that C = Ext(C). Dually, the kernel system K can be represented
as the set of complements of extents of a context K = (U, M, I). Thus, for every
X C U it holds that | X ] = X8 and [X] = X77. If one has chosen such two
representing contexts, K and C the system Ik ¢ of all rough set abstractions will
also be denoted with I'x c. For technical reasons we have to assume UN(MUN) =
(). If this is not the case, one clearly can enforce it by replacing M, N or U by
disjoint copies.
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%

Fig. 1. The representing context of I"

Definition 1 (see [3]). We define G to be the context displayed in Figure [
whereas I denotes the dual relation of I,

L= {(m,n) € M x N |m!un’ =U}, and
= (UxU)\{(r,r) | r € R}.

In cases where confusion about the underlying kernel and closure systems might
appear, we also write G ¢ or Gg ¢ for the shorter G. The incidence relation of
G will be denoted by B, i.e. G= (M UU,U U N, H).

Remark 1. Tt is well known that [X] = X77 is the intersection of all columns
from C that contain X. Dually, it holds that

|X| = XPC = | J{m!® | m e M with m'® € X}.

Since the kernels are exactly the unions of complements of columns from K,
it holds that r is robust if and only if U \ {r} is a column in both contexts K
and C. Furthermore, all rough set abstractions are of the form (S¢,77) with
S C M and T C N. The equivalences

G 23456 e fghi

a X X X X X X X
Kabc b X X X X X X Cefghi
1 x x c X XX X X 1 x X X
2 %X X X d X X X X X X X 2 X X X X
3 X X 1 X X X XXX X X X 3 X X X
4 x X 2 X XX XXX XX XX 4 X X XX
5 X X X X 3 X X X XX X X X 5 X X X
6 x XX 4 X X X X X X X X X X 6 X

5 X X X X X X X X X

6 X X X X X X

Fig. 2. An example for contexts K, C and the corresponding G = Gk ¢
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Fig. 3. The concept lattice B(G) to the context G from Figure

SXxTCLl < VseSVteT:s'ut! =U
— VseSvteT:stct!

— UsIﬂgmtJ

sES teT
— §i¢c1’.

show us that the job of L is to enforce the first characteristic property of abstrac-
tions from Proposition[Il Similarly, %< ensures that the second of these properties
is getting fulfilled. The following Proposition [l and the two subsequent corollar-
ies demonstrate a possible way to show I" = 9B(G) without using the notion of a
P-Fusion. Proofs were omited since the principle result is known from [3].
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Proposition 3. K? = (M, U, I?) and C = (U, N, .J) are both compatible subcon-
texts of G.

In the next corollary we use the following notation: for two sets X and Y we
define Xy := X NY. This unusual notation just has the purpose of increasing
the readability.

Corollary 4. For A C M UU and B C U U N the following statements are
equivalent:

(a) (A, B) € B(G),
(b) (Bu, Aux) € B(K), (Ay, By) € B(C), BS C Ay and (Ay \ BS)NR=10.

Corollary 5. The mapping ¢ : I'c.c — B(G) with (K, C) — (CUKYT KCuc’)
18 an tsomorphism.

One can interpret the concepts (A, B) of G in the following way. Let G;, :=
{m'® | m € M} and Gou := {n’C | n € N} be the set of so-called inner and
outer granules respectively (see [3]). Then Ay (the closure) is the complement of
the union of all outer granules disjoint from Ay, which are exactly the granules
n’'C with n € By. Dually, B(G] (the kernel) is the union of the m!C with m € Ay,
which are exactly the inner granules contained in B(G]. Hence, we are not only
able to read the corresponding abstraction from (A, B), but the concept also
tells us from which inner and outer granules the kernel and the closure were
built.
In the case that R and | both are empty the context G is of the form

K< |0
X |c’
and hence I is isomorphic to the vertical sum of C = B(C) and K = B(K?).

Thus, in this case I' is slim in the sense of page [[I8 The following proposition
shows how to read from the P-Fusion G if I is slim, or not.

Proposition 4. I' is slim if and only if for allm € M andn € N fromm 1L n
it follows that mit C R or n’C C R holds.

Before proving this proposition we want to state one corollary.

Corollary 6. IfK and C are both attribute reducec@, I is slim if and only if for
allm € M andn € N from m L n it follows that m! = U\ {z} orn’ = U\ {z}
for some robust x. Thus, R = () implies that I is slim if and only if 1 is empty.

Proof (of Proposition [f). For (m,n) €L we put A :== m! Nn’ N R. Hence, A is
the set of all robust elements that are contained in the closure n”’ but that are not

% This is (under reasonable finiteness conditions) no restriction to the choice of K and
C. It is just an restriction to the choice of the representing contexts K and C.
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1,2,3,4,6 | 5

3,4,61,2,5

3,4|1,2,5

Fig. 4. The lattice I'x,c of rough set abstractions given through context G in Figure
In the diagram the node belonging to an abstraction (K, C') is denoted by K | (H \ K)
where set brackets and empty sets are omitted. Hence, we write just | 2 instead of
(0,{2}) and 3,4 | 5 instead of ({3,4},{3,4,5}). The grey nodes correspond to the
abstractions from the middle.

contained in the kernel m’C. Furthermore it holds m’C C n”. Thus, (m!C,n’ \ A)
is an abstraction. If I"is slim, it holds that n’/ \ A = m’CURC (iff n/CUA = m’NR)
or m’t = (n7\ A) N R. Therefore, n’C or n”/C is a subset of R.

Let (K,C) be an abstraction not belonging to the spine of I'. Thus, the
positive region K contains a non-robust element x and the negative region ct
contains a non-robust element y. Since K C and C are extents from K and C
respectively, there isam € M and an € N with KCCm! Faxand C Cn’ Fy.
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Thus, m!® € K C C C n”? holds which implies m L n. But it also holds that
zem® ¢ Randyen’® ¢ R. ]

We conclude this section with the remark that switching the roles of K and C
yields dually isomorphic systems Ik ¢ and I¢ k of rough set abstractions. This is
easy to see if one convinces oneself that this switching corresponds to transposing

G.

4 Set-Generated Abstractions

As already mentioned I" might contain abstractions that are not generated by
a subset of U. On the first sight this seems a kind of irritating. Hence, the
conditions under which all abstractions are set-generated abstractions should be
investigated. We are not able to give a complete characterization, but propose a
sufficient condition instead.

Lemma 2. Let (K,C) be an abstraction. If for every element x from the bound-
ary C\ K there is somey € U withx # vy, ' = y!, and 27 = y’, the abstraction
(K, Q) is set-generated.

Proof. Let B := C'\ K be the boundary and let 6 be the equivalence relation on
U defined through 20y iff 2/ = y! and 2/ = y”/. As explained in the introduction,
we call a subset of U 6-crisp if it is the union of f-equivalence classes. All closures
and all kernels are 6-crisp. Hence, all regions of all abstractions are 8-crisp. Let
S be a system of distinct representatives. Furthermore, let Sp := S N B be the
representatives from the equivalence classes contained in the boundary B. The
premise implies that Sp does not contain a complete equivalence class. Thus,
for every m € M m1C C K holds if and only if miC C K U Sp holds. Hence, it
follows

|[KUSp] = [ Jim'®|me M withm® CKUSp} = |K| = K.

Analogously [K U Sg| = H can be shown. Thus, K U Sg generates (K,C). O

As a direct consequence we get the following. Doubling all objects of U that
occur in boundaries induces an isomorphic lattice of abstractions in which every
abstraction is set-generated. Let (O, A,Y) be a formal context and let T C O
be a collection of objects. We call the context ((O\T)U ({1,2} x T), A, Yr) the
T-doubled context to (O, A,Y). Thereby, Y is defined via

Y f T
gYrm <= g orgGQ\ ’
xYm, for g=(i,z) €T.
Corollary 7. Let K and C be the RC-doubled contexts to K and C. It holds that
the lattices I'x,c and I' := I'g ¢ are isomorphic. Furthermore, every abstraction
from I' is set-generated.
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We finish this section with the remark that the doubling of a robust element of
course has an impact on the structure of I'. The reason is: the robust element
will not be robust any longer. As an example take K = C = (U, U, #). The lattice
of rough set abstractions is isomorphic to the powerset lattice of U, hence it is
a direct product of chains having length one. After doubling all elements, the
lattice is the direct product of chains having length two.

5 The Selfdual Case

In the special case that the two representing contexts K and C are equal it holds
that a subset of U is a kernel if and only if its complement is a closure. If IC and
C fulfill this property we call it the selfdual case. It is equivalent to | A|C = [AC]
for every A C U. The selfdual case is well known from topology where it holds
for the open and the closed sets. Furthermore, it includes a lot of applications
involving the classical rough set setting. As we will see it allows us to define the
complement of an abstraction. For the rest of this section we assume K = C.

5.1 Standard Complementation

The premise K = C allows us to define (K,C)¢ := (CC, K®) to be the stan-
dard complementation (short: the complement) of (K, C) € I". Obviously,
applying the complement switches the positive and the negative region of an
abstraction, whereas the boundary remains fixed. The statements (i) and (ii)
of the following lemma tell us, that the standard complementation is an order
involution on the self dual lattice I" = I'k k.

Lemma 3. For p,y € Ik x the following statements hold:

(i) p*€ =p,

(i) pCy < pf 3L,
(iii) (pV ) = pt A4,
(i) (pAy)E=ptvAt,
(v) pApE Ty vl

Proof. A similar proposition can be found in [2]. The proof has been ommitted
since it is elementary. O

Let us take a detailed look at statement (v). For every (K,C) € I'and B := C\ K
it holds that

(K,O)A(K,C)' = (0,B) and (K,C)V(K,C) = (B%U)

are the least and the greatest element of I'| 5 (see page ). Hence, p A p° is the
abstraction having the same uncertain region as p (and as pG) and having an
empty positive region. Dually p V pG is the abstraction having empty negative
region but the same boundary as p.
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Corollary 8. Under the premise O € C the following statements are equivalent:

(a) every subset of U is a kernel and a closure,

(b) R=U,

(¢) K=C foral (K,C) e,

(d) the law of the excluded middle holds, i.e. p\ p® =1 for every p € T,
(e) the non-contradiction law holds, i.e. p A Pt =0 for every pe I.

Thereby 0 := (0,0) and 1 := (U,U) denote the least and the greatest rough set
abstraction from I.

Proof. The first three statements are always equivalent (for arbitrary K and C).
The rest directly follows from the argumentation above. O

Fig. 5. A context (U, U, =) where = is a tolerance relation on U = {1,...,5}

5.2 Tolerance Indiscernibility

In [2] Cattaneo and Ciucci among other things presented generalized rough sets
starting with so-called preclusive spaces. They call a pair (U, #) a preclusive space
if # is an irreflexive, symmetric relation on U. Obviously, preclusive relations are
exactly the complements of tolerance relations. Furthermore, the authors of [2]
studied the approximations of the form (X C##C X ##) where -# is the deriva-
tion operator of the formal context (U, U,#). They investigated the structures
formed by these pairs as so-called quasi-BZ-distributive lattices. However, as we
shall see in Example [T these pairs in general do not form a lattice. And even if
they do, this lattice need not be distributive. This problem does not occur in [3]
since I is the lattice that is generated by these pairs.

The mentioned structures from [2] are basically bounded lattices with two
additional unary operations, playing the role of negations. The first one matches
our standard complementation. For the second one we will have to specialize
our settings to K = C = (U, U, %), where # is the complement of a tolerance
relation =~ on U. As we have seen above, the standard complement does not fulfill
the non-contradiction law p A pG = 0. Under these circumstances the canonical

3 Strictly speaking they took the pairs (XE##E,X##C), but the second component

was ordered by O, what makes this approach similar to that from [3].
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choice of a meaningful self mapping fulfilling non-contradiction law is the so-
called Brouwer complement (see [2])

(K,C)* = (|[C%],C%) = (C*##E CF)

(for (K,C) € I'). Obviously, (K,C)* is the greatest abstraction having C* as
the nonpositive region.

Lemma 4 (|2]). For p,v € I" the following statements hold:
(i) p E P77,

(ii) (p V)% = p® A7,
(iii) p A p* =0:=(0,0), and

(iv) p* C p°.
Ezxzample 1. We examine the tolerance relation ~ given in Figure Bl The under-
lying universe is U = {1,...,5}. The corresponding lattice of rough set abstrac-

tions I'x x with K = (U, U, %) is displayed in Figure [6l The first thing we want
to point out is that not all abstractions are set-generated. Take for instance
p = ({1,2},{1,2,3}). If there was a subset generating p, it has to be {1,2} or
{1,2,3}. But both of these are closed and open. Hence A\; := ({1, 2}, {1,2}) and
w1 = ({1,2,3},{1,2,3}) are a lower and an upper neighbor of p. As Figure
shows Ao := (0,{1,2,3}) is another lower and wy := ({1,2},U) is another upper
neighbor of p. They are both generated by subsets of U (for instance by {1, 3}
and by {1, 2,4} respectively).

We now take a look at the partially ordered set of the set-generated abstrac-
tions (| X |,[X]) with X C U. We see that it does not form a lattice, since
{w1, w2} is the set of minimal upper bounds of {\1, A2}. Hence there is no supre-
mum of A\; and Ag. In this example the set R of robust elements is empty. Hence,
(B, U) is the only element from the middle. Furthermore, R = () makes it easier to
identify the abstractions from the spine. These are the ones that have an empty
positive or an empty negative region. Thus, we can read from Figure [0l that \q,
p and wy and their three complements are the only abstractions not belonging
to the spine.

In the classical setting of Rough Set Theory, i.e. when =~ is an equivalence re-
lation, it holds that (K,C)* = (CC CP). Thus, it holds that (K,C)? is the
largest abstraction having CC as the nonnegative region. Hence, it follows the
well known fact that in the classical setting (K, C’)* is the pseudocomplementﬁ
of (K, C). Unfortunately this does not hold for arbitrary tolerance relations =,
as one can see in Example [Tl

% See [1]. Let @ be an element of a bounded lattice L. The element a* is called the
pseudocomplement of a if for all b € L

aANb=0 < b<a"

holds.
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[

Fig. 6. The lattice Ik k of rough set abstractions with K = (U, U, %) where = is the tol-
erance relation from Figure Bl The notations are as follows. For the elements 1,2,3,4,5
from U we write five little boxes. If 7 is an element of the positive/uncertain/negative
region, the i-th box is B /X /0. For instance JOJXEE denotes the rough set abstraction
({4,5},{3,4,5}). The abstractions A1, A2, w1 and wy are set-generated, p is not.
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6 Conclusion

Our investigations provided a clear characterization of the rough set abstractions
from [3]. Furthermore, we believe this article improved the understanding of the
robust elements and the lattices of abstractions. Last but not least we proposed
suitable negation operators.

Future investigations could handle the following problems. What are the con-
ditions under which the P-fusion from [3] is a tensor product? And related to
this question: What are the conditions under which I is isomorphic to the order
relation of a complete lattice? What role plays the distributivity for answering
the two previous questions? Furthermore, our experience showed us that the ab-
stractions which are not set-generated are pretty rare, even when K and C are
clarified. Thus, our sufficient condition from Corollary [7is far away from being
a necessary one. Hence, there still is the open question of charaterizing the cases
where all abstractions are set-generated.
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Abstract. We investigate the computational complexity of several deci-
sion, enumeration and counting problems related to pseudo-intents. We
show that given a formal context and a subset of its set of pseudo-intents,
checking whether this context has an additional pseudo-intent is in coNP,
and it is at least as hard as checking whether a given simple hypergraph is
not saturated. We also show that recognizing the set of pseudo-intents is
also in coNP, and it is at least as hard as identifying the minimal transver-
sals of a given hypergraph. Moreover, we show that if any of these two
problems turns out to be coNP-hard, then unless P = NP, pseudo-intents
cannot be enumerated in output polynomial time. We also investigate
the complexity of finding subsets of a given Duquenne-Guigues Base from
which a given implication follows. We show that checking the existence
of such a subset within a specified cardinality bound is NP-complete, and
counting all such minimal subsets is #P-complete.

1 Introduction

Pseudo-intents play an important réle in Formal Concept Analysis (FCA) [§].
They form the premises of the Duquenne-Guigues Base [10], which is a mini-
mum cardinality base for the set of implications that hold in a formal context.
Computational complexity of problems related to pseudo-intents have been of
major interest to the FCA community since their introduction.

One central computational problem related to pseudo-intents is determining
whether a given set is a pseudo-intent of a given formal context. It has been
shown in [I5JI6] that this problem is in coNP. However, the lower complexity
bound for this problem is still open. One other natural problem is enumerating
the pseudo-intents of a given formal context. The most well-known algorithm
for this purpose is the next-closure algorithm [7]. Recently, an algorithm that
computes the pseudo-intents by processing a single attribute at a single step,
namely attribute-incremental algorithm, has been introduced in [I§]. In [19],
an algorithm for checking whether a set is pseudo-intent, has been presented.
Another problem related to pseudo-intents is given a formal context, determining
the number of its pseudo-intents. In [14], it has been shown that this counting
problem is #P-hard. In addition to this, there it has also been shown that the
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number of pseudo-intents of a formal context can be exponential in the size of
the incidence relation of this formal context. Given this fact, it is clearly not
possible to enumerate all pseudo-intents of a formal context in time polynomial
in the size of this context. In complexity theory, for analyzing the performance
of enumeration algorithms where the number of solutions can be exponential
in the size of the input, one considers other measures. One such measure is to
take into account not only the size of the input, but also the size of the output.
An algorithm is said to run in output polynomial time [13] if it enumerates
the solutions in time polynomial in the size of the input and the output. One
advantage of an output polynomial algorithm is that it runs in polynomial time
(in the size of the input) when there are only polynomially many solutions.

In the present work we investigate whether pseudo-intents can be enumerated
in output polynomial time. We start with the observation that next-closure and
attribute-incremental algorithms do not run in output polynomial time since
their running times depend not only on the number of pseudo-intents, but also
on the number of intents. We formulate two decision problems that are of sig-
nificant importance for the existence of an output polynomial time algorithm.
In Section [B] we work on the first problem, which is given a formal context K
and a subset P of its set of pseudo-intents, the problem of checking whether
K has an additional pseudo-intent, i.e., a pseudo-intent that does not already
appear in P. We show that this problem is in coNP, and it is at least as hard
as the complement problem of checking whether a given simple hypergraph is
saturated [3], which is a prominent open problem in hypergraph theory [2]. In
Section ] we work on the second problem, which is given a formal context K
and a set P of subsets of its attribute set, the problem of checking whether P
is precisely the set of pseudo-intents of K. We show that this problem is also
in coNP, and it is at least as hard as identifying the minimal transversals of a
given hypergraph [3], which is also an open problem. Moreover, we show that
if any of these two problems turns out to be coNP-hard, then unless P = NP,
pseudo-intents cannot be enumerated in output polynomial time. In Section
we investigate the complexity of finding subsets of a given Duquenne-Guigues
Base from which a given implication follows. We show that checking the exis-
tence of such a subset within a specified cardinality bound is NP-complete, and
counting all such minimal subsets is #P-complete.

2 Preliminaries

We briefly introduce basic notions of Formal Concept Analysis [8]. Given a formal
context K = (G, M,I) with the derivation operator (-)', and an implication
P — Q, where P,QQ C M, we say that P — @Q holds in K if the objects that have
the attributes in P also have the attributes in Q, i.e., P C Q. Aset AC M
respects an implication P — Q if P € A or @ C A. An implication P — @
follows semantically from a set of implications £ (written £ = P — Q) if each
subset of M respecting the implications in £ also respects P — Q). We denote
the implicational theory of L, i.e, the set of all implications that follow from L,
with Imp(L).
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In [I0], a minimum cardinality base, which is called the Duguenne-Guigues
Base, of a given formal context has been characterized, and it has been shown
that there cannot be another base with fewer implications. The premises of the
implications in a Duquenne-Guigues Base are called the pseudo-intents of the
underlying formal context. A set P C M is a pseudo-intent if P # P” and
Q" C P holds for every pseudo-intent Q@ C P. Equivalently, a set P C M is a
pseudo-intent if P # P”| it is a quasi-intent, and for every quasi-intent @ C P,
@" C P holds, where a quasi-intent is defined as a set Q@ C M that satisfies
R'"CQor R'=@Q" for any R C Q.

2.1 Hypergraphs and Related Problems

A hypergraph 2] H = (V,€) consists of a set of vertices V.= {v; | 1 < i < n},
and a set of nonempty (hyper)edges € = {E; | 1 < j < m} where E; C V.
A set W C V is called a transversal of ‘H if it intersects all edges of H, i.e.,
VE € £&. ENW # (. A transversal is called minimal if no proper subset of
it is a transversal. The set of all minimal transversals of H constitute another
hypergraph on V' called the transversal hypergraph of H, which is denoted by
Tr(H). Generating Tr(H) is an important problem which has applications in
many fields of computer science. It is defined as follows:

Problem: TRANSVERSAL ENUMERATION (TRANS-ENUM )
Input: A hypergraph H = (V,£) on a finite set V.
Output: The edges of the transversal hypergraph Tr(H).

The well-known decision problem associated to this computation problem is
defined as follows:

Problem: TRANSVERSAL HYPERGRAPH (TRANS-HYP)
Input: Two hypergraphs H = (V,&x) and G = (V, &g).
Question: Is G the transversal hypergraph of H, i.e., does T'r(H) = G hold?

Computational complexity of these problems have now been extensively studied
[B516] and many important applications of these problems have been identified
in logic and artificial intelligence [4], databases [I7] and data mining [IT]. TRANS-
HYP is known to be in coNP, but so far neither a polynomial time algorithm has
been found, nor has it been proved to be coNP-complete. Similarly, it is an open
problem whether TRANS-ENUM can be solved in output polynomial time. We
say that a decision problem I is TRANS-HYP-hard if TRANS-HYP can be reduced
to IT by a standard polynomial transformation. We say that IT is TRANS-HYP-
complete if it is TRANS-HYP-hard and II can be reduced to TRANS-HYP by a
polynomial transformation.

3 Complexity of Enumerating Pseudo-intents

For enumerating pseudo-intents, unfortunately no output polynomial algorithm
is known currently. The most well-known algorithm next-closure [7] for enumer-
ating the pseudo-intents always enumerates the concept intents as well, i.e, its
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running time depends not only on the number of pseudo-intents but also on the
number of concept intents. Since the number of concept intents can be expo-
nential in the number of pseudo-intents, this algorithm in general does not run
in output polynomial time. Similarly, the attribute-incremental algorithm in [18]
has also time complexity depending on both the number of pseudo-intents and
the number of concept intents. In the light of our current knowledge, it is not
even clear whether there can be an algorithm at all that enumerates pseudo-
intents in output polynomial time. In order to investigate this further, let us
first formally define the problem.

Problem: PSEUDO-INTENT ENUMERATION (PIE)
Input: A formal context K.
Output: The set of pseudo-intents of K.

For solving this enumeration problem, the following decision problem has crucial
importance:

Problem: ADDITIONAL PSEUDO-INTENT (API)

Input: A formal context K = (G, M, T), and a set P of pseudo-intents of K i.e.,
P C{P|PCM, P pseudo-intent of K}.

Question: Is there an additional pseudo-intent, i.e., @ C M s.t. ) is a pseudo-
intent of K and Q ¢ P?

Because, as Proposition [I] below shows, if this problem cannot be decided in
polynomial time, then unless P = NP, PIE cannot be solved in output polynomial
time.

Proposition 1. If API cannot be decided in polynomial time, then unless P =
NP, PIE cannot be solved in output-polynomial time.

Proof. Assume that we have an algorithm A that solves PIE in output-polynomial
time. Let its runtime be bounded by a polynomial p(I.S, 0S) where 1.5 denotes
the size of the input context and OS denotes the size of the output, i.e., the set
of all pseudo-intents of the input context.

In order to decide API for an instance given by the context K and a set
P of pseudo-intents of K, we construct another algorithm A’ that works as
follows: It runs A on K for at most p(|K|,|P|)-many steps. If A terminates
within p(|K|, |P|)-many steps, it means that P contains all pseudo-intents of
K, i.e., there is no additional pseudo-intent. So A’ returns no. If A does not
terminate after p(|K|, |P|)-many steps, this implies that there is an additional
pseudo-intent that is not contained in P, so A’ returns yes. It is easy to see that
the runtime of A’ is bounded by a polynomial in |K| and |P|, that is A" decides
API in time polynomial in the size of the input. |

The proposition shows that determining the complexity of API is indeed crucial
for determining the complexity of PIE. In the following we show that API is in
coNP, and it is at least as hard as the complement of a prominent open problem
on hypergraphs. However, whether API is coNP-hard remains unfortunately open.
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Proposition 2. API is in coNP.

Proof. Given an instance of API with the input K and P, construct the set of
implications £ = {P — P” | P € P} and nondeterministically guess a set
Q C M. We can verify in polynomial time that Q@ — Q" does not follow from
L, i.e., the complement of the problem is in NP, thus API is in coNP. o

Before we can continue with the proof of lower bound, we need to introduce some
more notions from hypergraphs. A hypergraph H = (V, £) is called saturated [3]
if every subset of V' is contained in at least one of the edges of H, or it contains
at least one edge of H, i.e., for every W C V, W C F holds, or £ C W holds
for some E € £. It has been shown in [3] that checking whether a hypergraph is
saturated is coNP-complete. There, a special case of the problem where the given
hypergraph is restricted to be simple, has also been considered. A hypergraph is
called simple if no edge contains another edge.

Problem: SIMPLE HYPERGRAPH SATURATION (SIMPLE-H-SAT)

Input: A simple hypergraph H = (V,€), i.e, VE,E' e EECE = E=F'.
Question: Is 'H saturated, i.e., is it true that for every W C V., W C FE holds or
E C W holds for some E € £7

It is not difficult to see that this problem is in coNP. However, up to now there
has neither been a proof that it is coNP-hard, nor a proof that it is in P. It has
been shown in [3] that this problem is under polynomial transformations compu-
tationally equivalent to TRANS-HYP, which as mentioned before is a prominent
open problem in hypergraph theory. In the following we show that our problem
API is at least as hard as the complement of SIMPLE-H-SAT:

Theorem 1. API is coSIMPLE-H-SAT-hard.

Proof. Let an instance of SIMPLE-H-SAT be given with the simple hypergraph
H = (V,€) where & = {E1,...,E,}. From H we construct the formal context
Ky = (G, M, I) where M =V, and G and I are defined as follows: For every
E;; 1 < i < n, we create the following objects: For every D C E; such that
|D| = |E;| — 1, we create an object with the intent D. F; has |E;|-many such
subsets. We name these objects as g;; where 1 < i <nand 1 < j < |E;|. In
total, G contains Y., |E;| objects. We construct P by just taking the edges of
H,ie, P ={E,...,E,}. Obviously, both Ks; and P can be constructed in time
polynomial in the size of H.

Note that Ky has the following property: Since H is simple, no edge is con-
tained in another edge, and obviously not in strict subsets of any other edge.
Then, for every ¢ such that 1 < i < n, E/ = () and E/ = M. That is E; is
not closed. Moreover all its strict subsets are closed. Because for every D C F;
either there is an object whose intent is D, or there is a set of objects such
that the intersection of their intents is D. This is due to the objects g;;, where
1 < j < |FE;|, whose intents are strict subsets of E; with cardinality |E;| — 1.
Thus, the edges E; are pseudo-intents of K4, which means that Ky and P in-
deed form an instance of API. We claim that H is not saturated if and only if
K4 has an additional pseudo-intent.
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(=) Assume H is not saturated. Then, there exists a W C V such that for
every ¢ such that 1 <i <n, W € E; holds and E; € W holds. Assume without
loss of generality that W is minimal with respect to property W ¢ E; for every
1 <4 < n. Since W is not contained in any F;, and obviously not contained
in any strict subset of any E;, W' = () and W” = M. That is W is not closed.
Take any X C W. Since W is minimal, X C FE; holds for some 1 < i < n. We
know that E; € W, then X = E; cannot hold, thus X satisfies X C E;. Since
all strict subsets of E; are closed, X is closed. We have shown that W is not
closed but all its strict subsets are closed, thus W is a pseudo-intent. Moreover,
it is an additional pseudo-intent since W # Ej;, for all 1 < j < n.

(<) Assume Ky has an additional pseudo-intent, i.e., a pseudo-intent () such
that Q # E; for every 1 < i < n. Since strict subsets of F; are closed, ) cannot
be a strict subset of any F;. Thus Q € E; for every 1 < ¢ < n. Moreover, by
definition @ contains the closure of strictly smaller pseudo-intents. We know
that for every 1 < ¢ < n, E; is a pseudo-intent, and E! = M. Since @ does
not strictly contain M, it cannot strictly contain any F; either. Together with
Q # E;, this implies that FE; € (. We have shown that there exists a Q@ C V
such that Q € F; and E; € Q for every 1 < i < n, thus H is not saturated. O

The following is an immediate consequence of Theorem [I] above and Theorem
4.12 in [3]:

Corollary 1. API is coOTRANS-HYP-hard.

Theorem [T has some interesting consequences. The formal context we have con-
structed in the proof has a special property; namely, subsets of object intents are
closed in this formal context. The proof suggests that for the formal contexts of
this form, the problem API and the complement problem of SIMPLE-H-SAT are
computationally equivalent problems, i.e., API is cOSIMPLE-H-SAT-complete. For
such formal contexts, in addition to the reduction given in the proof, one can
also easily reduce API to the complement of SIMPLE-H-SAT, i.e, take an instance
of API given with such a context and a set of pseudo-intents of this context,
construct an instance of SIMPLE-H-SAT and show that there is an additional
pseudo-intent if and only if the constructed simple hypergraph is not saturated.
It would definitely be interesting to investigate whether formal contexts of this
form are natural in some application domains.

One other point that should be noted here is that SIMPLE-H-SAT lies at
the boundary of intractability. As mentioned before, for arbitrary graphs it is
coNP-complete [3]. The proof of Theorem [Il depends on the fact that the given
hypergraph is simple. Whether this restriction can be eliminated and thus the
intractability result carries over to API for arbitrary formal contexts, is definitely
an interesting question that should be investigated.

4 Complexity of Recognizing the Set of Pseudo-intents

Next we consider another problem about pseudo-intents, namely recognizing the
set of pseudo-intents. More precisely, given a formal context K = (G, M, I) and
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aset P C HP(M) it is the problem of deciding whether P is precisely the set
of pseudo-intents of K. Clearly, this problem can also be formulated as: Given a
formal context K and a set of implications £, decide whether £ is the Duquenne-
Guigues Base of K. In the following we are going to investigate its computational
complexity. We start with defining the problem formally:

Problem: PSEUDO-INTENTS (PIS)
Input: A formal context K = (G, M, I), and a set P C Z#(M).
Question: Is P precisely the set of pseudo-intents of K?

The following proposition shows that like computational complexity of API, the
complexity of PIS has also crucial importance for the solvability of PIE in output
polynomial time.

Proposition 3. If PIS cannot be decided in polynomial time, then unless P =
NP, PIE cannot be solved in output-polynomial time.

Proof. The proof is almost the same as the proof of Proposition [II Again we
assume that we have an algorithm 4 that solves PIE in output-polynomial time
and construct another algorithm A" that runs A for at most p(|K|, |P|)-many
steps. The only difference is that, if A terminates within p(|K|, |P|)-many steps,
then A’ first compares the output of A with P and then returns yes if and only
if they are equal. If they are not equal, or if A has not yet terminated, then
A’ returns no. Thus if PIE can be solved in output polynomial time, PIS can be
decided in polynomial time. O

In the following we show that just like in the case of API, PIS is also in coNP,
and it is at least as hard as TRANS-HYP. However, whether PIS is polynomial, or
it is coNP-hard also remains open.

Proposition 4. PIS is in coNP.

Proof. Given an instance with the input K = (G, M, I) and P, an algorithm that
decides Pi1s for this instance first checks whether the elements of P are pseudo-
intents of K. If it encounters an element that is not a pseudo-intent, it terminates
and returns no. If every P € P is a pseudo-intent, then it continues with the
second step. This step is the same as the algorithm in the proof of Proposition
2l The algorithm constructs the set of implications £ = {P — P”|P € P} and
non-deterministically guesses a set @ € M. Obviously the implication Q — Q"
holds in K, thus if £ is a base for K then Q@ — Q" follows from L. Then the
algorithm verifies that this is not the case.

It is not difficult to see that this is a coNP algorithm. In the first step the
algorithm performs polynomially-many checks each of which can be done in
CONP by using the algorithm in [I5]. In the second step the algorithm non-
deterministically guesses a @@ and in polynomial time verifies that Q@ — Q" does
not follow from L, which means that £ is not a base, which implies that P is
not the set of all pseudo-intents of K. This step can be performed in coNP as
well, thus the whole algorithm is a coNP algorithm. |
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Theorem 2. PIS is TRANS-HYP-hard.

Proof. Let an instance of TRANS-HYP be given by the hypergraphs H = (V, )
and G = (V,&g), where &y = {h; | 1 < i <n}and & = {g;: | 1 < i < m}.
From H we construct the context Kyy = (G, M, I) where M =V, and G and
I are defined as follows: For every edge h; € £y, create an object whose intent
is the complement of h;, i.e., M \ h;. Let us denote this with h;. Moreover, for
each set f C h; such that |f| = |h;| — 1, create an object with the intent f. h;
has |h;|-many such subsets. That is, for every edge h; € &y we create |h;| + 1
objects, which means that Ky contains Y-, |h;|+n objects in total. From G we
construct Pg by simply defining Pg = Eg. It is easy to see that this construction
indeed creates an instance of PIS and the context Ky as well as the set Pg can
be constructed in time polynomial in the sizes of H and G. Note that K has the
following property: () If B C M is an object intent, then any A C B is closed
since every such A can be expressed as the intersection of some object intents.
We claim that G is the transversal hypergraph of H if and only if Pg is precisely
the set of pseudo-intents of Kyy.

(=) Assume G is the transversal hypergraph of H. Take an edge of G, say
g. g is a minimal transversal of H. By definition, for every h; € &y, g satisfies
g N h; # 0, which is equivalent to g € h;. This means that g is not closed in
K. Because g is not contained in any object intent, hence g” = M. Now take
any f C g. Since g is a minimal transversal, f will not be a transversal. That
is, for some h; € £, f N h; =0, which is equivalent to f C h;. Due to Property
(*), such f are closed. This means that g is not closed in Ky, but its all proper
subsets f are closed, which implies that g is a pseudo-intent of K3. Thus we
have shown that if G is the transversal hypergraph of H, then Pg is precisely
the set of pseudo-intents of Kyy.

(<) Assume Pg is precisely the set of pseudo-intents of Ky,. Take any pseudo-
intent p € Pg. By definition, p is not closed. Due to Property (), p is not
contained in any object intent, i.e., p € h;, and thus p” = M. This means that p
satisfies pNh; # O for every edge h; € £y, i.e., p is a transversal of H. Moreover, p
is minimal. Assume it were not. Then there would be another transversal ¢ C p,
and ¢ would satisfy ¢ € h; for every h; € &y as well. This would mean that ¢
is not closed in K4 and has the same closure as p which is M. This contradicts
the fact that p is a pseudo-intent. Thus, p is indeed a minimal transversal of H.
We have shown that if Pg is precisely the set of pseudo-intents of Ky, then G is
the transversal hypergraph of H, which completes the proof of our claim. m]

Theorem Pl has the following consequences: For the type of formal contexts used
in the reduction, i.e., where subsets of object intents are also closed sets, PIS and
TRANS-HYP are computationally equivalent with respect to polynomial transfor-
mations, that is PIS is TRANS-HYP-complete. One can take an instance of PIS
given with such a formal context and easily reduce it to TRANS-HYP. In this
case, enumerating pseudo-intents (PIE) and enumerating hypergraph transver-
sals (TRANS-ENUM) also become computationally equivalent problems. In order
to solve an instance of PIE, one can construct the corresponding hypergraph and
solve TRANS-ENUM on this hypergraph for instance by using the algorithm in [6]
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by Fredman and Khachiyan. The minimal transversals of this hypergraph will
be the pseudo-intents of the original formal context.

5 Finding Explanations in the Duquenne-Guigues Base

In the present section, we investigate the problem of finding explanations in a
Duquenne-Guigues Base, in other words, finding subsets of a given Duquenne-
Guigues Base that has a given implication as consequence. In logic, for an ar-
bitrary set of axioms, this problem is known as aziom pinpointing. In [I] it
has been shown that in propositional Horn logic a given consequence can have
exponentially many minimal explanations, and finding a minimum cardinality
explanation is NP-complete.

From a logical point of view, our implications in FCA are also propositional
Horn clauses. However, here we consider the above problem when the given set
of implications is not an arbitrary set of implications, but it is the Duquenne-
Guigues Base of a formal context. Our motivation for considering the problem
under this restriction can be explained with the following scenario: Consider
a domain expert that explores a context with attribute exploration and works
with the resulting Duquenne-Guigues Base as a compact representation of the
implications holding in her formal context. She notices that from this base, an
implication that actually is not true in her application domain follows. That
is, during attribute exploration she has wrongly confirmed some implication
questions. In this scenario, finding explanations for the unwanted consequences
would help the domain expert to solve the problem. We start with the formal
definition of an explanation in a Duquenne-Guigues Base:

Definition 1. Let £ be the Duquenne-Guigues Base of a formal context on the
set of attributes M, and P — @ be an implication such that L = P — Q. We
say that a subset J C L explains P — Q if J = P — Q is satisfied. In this case
we call J an explanation of P — Q. We say that J is a minimal explanation
of P — Q if no proper subset of J explains P — Q.

In the following for a set of implications £ we will sometimes abuse the terminol-
ogy and say “the Duquenne-Guigues Base of Imp(L)” for the Duquenne-Guigues
Base of the set of all implications that follow from L. The following lemma gives
a syntactic characterization of the Duquenne-Guigues Base that will later help
us to recognize whether a given set of implications is a Duquenne-Guigues Base.
For a set X, £L(X) denotes the implicational closure of X under the implication
set L.

Lemma 1. Let L = {P;, — Q; | 1 < i < n} be a set of implications such that
P,Q; C M and Q; € P;. L is the Duquenne-Guigues Base of Imp(L) if and
only if for every 1 < i < n the following two conditions are satisfied:

— P, is closed under L\ {P; — Q;}, and
— P,UQ; is closed under L\ {P, — Q;}.
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Proof. (=) If L is the Duquenne-Guigues Base of Imp(L), then Pi,..., P, are
pseudo-closed sets of the closure system induced by I'mp(L). Take any P; . By
definition P; contains the closure of all P; such that P; C F;. Thus F; is closed
under £\ {P; — Q;}. By the definition of Duquenne-Guigues Base, P; U Q; is
also closed under £\ {P; — Q;}.

(«=) Assume L is a set of implications that satisfies the two conditions. We
claim that it is the Duquenne-Guigues Base of I'mp(L). In order to prove this
we need to show:

i) P; are the pseudo-closed sets of the closure system induced by I'mp(L), where
1<i<n,and
i1) for every 1 < i <n, (Imp(L))(P;) = P;UQ; holds.

Since for any X C M, L(X) = (Imp(L))(X) holds, we are going to show these
for L.

We start with 4i): Take any P, — @; and let £ = £\ {P; — Q;}. We know
that P; U Q; is closed under £'; i.e., L'(P;UQ;) = P;UQ;. Then P; U Q; is also
closed under L, i.e., L(P; UQ;) = P, UQ;. Obviously L(P;) = L(P, UQ;) holds
for every P, — Q; € L. Then L(P;) = P; U Q; holds. Thus we have shown ii.

In order to show ¢ we need to show that:

1. P; is not closed, i.e., P; # L(FP;),

2. P; is quasi-closed, i.e., for every R C P;, L(R) C P; holds or L(R) = L(F;)
holds,

3. P; strictly contains the closure of every strictly contained quasi-closed set,
i.e., for every quasi-closed set R C P;, L(R) € P; holds.

We start with 1: We are given that for every 1 < i < n, Q; € P;. Then
P, # L(P;) holds trivially. For showing 2, take any P; and some R C P;. Let
L' = L\ {P, — Q;}. Since implicational closure is monotone, L (R) C L'(P;).
We are given that P; is closed under £, i.e., £L'(P;) = P; hence £'(R) C P;. If
L'(R) = P;, then L(R) = L(P;) and we are done. If L'(R) C P;, then L'(R) =
L(R) C P; and we are done. Thus we have shown that P; is quasi-closed.

Now we are going to show 3: Take any P; and some quasi-closed set R C P;.
Since implicational closure is extensive, R C L(R) holds. If £L(R) = R then
L(R) € P; and we are done. If R C L(R), then there exists an implication
P; — Qj, where 1 < j < n, such that P; C R and Q; € R. Together with
R C P;, this implies P; C F;.

We know that P; is closed under £\ {P; — Q;}. Since P; C P;, this implies
Q; C P;, hence P, UQ; C P;. Since @Q; € P, Qs € P; U Q;. We know that
P; U Qj is closed under £\ {P; — Q;}. If P; UQ; = P; were satisfied, then
P; U Q; would not be closed under £\ {P; — Q;} since Q; € P; U Q;. Thus,
P; UQ; € P,. By using ii, we can rewrite it as £L(P;) C P;.

We know that R is quasi-closed. Since P; C R, L(P;) C R holds or L(FP;) =
L(R) holds. By ii we know that £(P;) = P; UQ;. Since Q; € R, L(P;) C R
cannot hold. Thus, L(P;) = L(R) holds. Together with £L(P;) C P; from above,
this implies that £(R) € P;. Thus we have shown 3, which completes the proof
of 4, which in turn completes the proof of our claim. o
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Using Lemmalll we can show that in the worst case, a given implication can have
exponentially many minimal explanations in a given Duquenne-Guigues Base.
The following example demonstrates this situation:

Ezxample 1. Consider the set of implications

L= {J {abioi} = {piai}, {v.pi} — {0}, {y,a:} — {b:}}

1<i<n

on the set of attributes M = {bo, z,y, } U{bi,pi,¢; | 1 <i <n}. Note that none
of the left handsides is contained in another left handside or in the union of left
and right handsides of another implication, i.e., £ satisfies the two conditions
stated in Lemma [I] thus, £ is the Duquenne-Guigues Base of Imp(L).

Consider the implication {bg,z,y} — {b,} that follows from £. A minimal
explanation of this implication is either of the form {{bg, 2z} — {p1, a1}, {y,p1} —
{b1},...} or, {{bo,z} — {p1,¢1},{y, @1} — {b1},...}. That is at each step i,
where 1 < 4 < n, we have two choices since the attribute b; can be generated
either by the implication {y,p;} — {b;}, or by the implication {y,q;} — {b:}.
This means that there are 2" minimal explanations. Since the size of £ is linear in
n, the example shows that there can be exponentially many minimal explanations
in a given Duquenne-Guigues Base.

5.1 Minimum Cardinality Explanation

Although there can be exponentially minimal explanations, given a Duquenne-
Guigues Base £ and an implication ¢ that follows from it, it is not difficult
to find one minimal explanation of ¢ in £. We can just start with L, iterate
over the implications in £ and remove an implication if ¢ still follows from the
remaining set of implications. Clearly, this algorithm terminates since L is finite.
It is correct since ) still follows from the remaining set of implications and none
of the implications in the remaining set can be removed without destroying this
property.

However, if we want an explanation that is not only minimal w.r.t. set inclu-
sion, but also minimal w.r.t. cardinality, the problem becomes harder. In [ it
has been shown that for an arbitrary set of implications (there called proposi-
tional Horn axioms) finding an explanation within a specified cardinality bound
is NP-complete. Here we consider this problem for the case when the given set
of implications is not arbitrary, but it is the Duquenne-Guigues Base of impli-
cations holding in a closure system. It turns out that under this restriction the
problem does not become easier, i.e., it remains NP-complete.

Problem: MINIMUM CARDINALITY EXPLANATION (MCE)

Input: A Duquenne-Guigues Base £, an implication L — R st. L= L — R
and a natural number n.

Question: Is there an explanation of . — R in £ with cardinality less than or
equal to n, i.e., is there an £’ C £ such that £' = L — R and |£'| < n?
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Theorem 3. MCE is NP-complete.

Proof. The problem is in NP. We can nondeterministically guess a subset £’ of
L with cardinality n, and in polynomial time check whether £’ = L — R. This
test can indeed be done in polynomial time by checking whether R C £'(L).

In order to show NP-hardness, we are going to give a reduction from the NP-
complete problem VERTEX COVER [9]. Recall that a vertex cover of the graph
G = (V,FE) is a set W C V such that for every edge {u,v} € FE, u € W holds, or
v € W holds. The problem VERTEX COVER is defined as follows:

Problem: VERTEX COVER
Input: Graph G = (V, E), a natural number n.
Question: Is there a vertex cover of G of size less than or equal to n?

Consider an instance of the VERTEX COVER problem given by G = (V, E), where
V ={v,...,u}, E ={e1,...,er}, and edge e; = {v;1,v;2}. We construct an
instance of the MCE in the following way: For every vertex v € V' we introduce
an attribute m,, for every edge e;, 1 < j < k, we introduce an attribute me,
and finally two more additional attributes m, and m;. Using these attributes
we construct the following set of implications:

L= {{mu} = {me,|v € 5, 1S5 <k} [0 € VYU {{mayme,, - me, } = {ma} ).

Note that none of the implications in £ contains the left handside of another
implication in its left handside or in the union of its left and right handsides.
Thus, due to Lemmal[ll £ is indeed the Duquenne-Guigues Base of Imp(L). In
addition to L, we construct the following implication ¢ that follows from L:
¥ {mgpU{m, | v € V} — {my}. It is not difficult to see that both £ and
1 can be constructed in time polynomial in the size of G, and that 1 follows
from L. We claim that G has a vertex cover of size less than or equal to n, where
n < |V, if and only if £ has a subset £’ that explains 1, and the size of £’ is
polynomial in n.

(=) Assume W C V is a vertex cover of G. Then the following set £’ C L
constructed by using W is an explanation of :

L= {{my} = {me, |wee;, 1 <j<k}|lweW}U
{{ma7m817"'7m8k} - {mb}}

Since W is a vertex cover, it contains at least one vertex from every edge e;,
1 < j < k. Thus, {me,,...me, } C L ({my | w € W}). Since {m,, | w e W} C
{m, | v € V}, this implies that {me,,...me,} € L ({m, | v € V}), which in
turn implies that {my} C L ({me} U {m, | v € V}). Thus we have shown that
L' is indeed an explanation of ¥, and that it contains exactly n + 1 implications.

(<) Now assume that £ has a subset £’ of size m that is an explanation of .
L’ should contain the implication {mg, me,, ..., M, } — {ms}, since otherwise
the attribute m; cannot be generated. Moreover, since the premise of this impli-
cation contains the attributes me,, ..., me,, £’ should also contain implications
of type {mw} — {me, | w € e;} such that every me,, 1 < j < k, is generated.
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This means that the set W of such w is indeed a vertex cover since it intersects
every edge e;, 1 < j < k. Thus we have shown that W is a vertex cover of G and
it has size m — 1. This finishes the proof of the claim that G has a vertex cover
of size n if and only if £ has a subset of size n + 1 that explains ). a

5.2 Counting Minimal Explanations

In applications where one is interested in all explanations that are minimal w.r.t.
set inclusion, it might be useful to know in advance how many of them exist.
Next we consider this counting problem. It turns out that it is hard for the
counting complexity class #p [20], i.e., it is intractable.

Problem: #MINIMAL EXPLANATION (#ME)

Input: A Duquenne-Guigues Base £, and an implication L. — R s.t. L= L — R.
Output: The number of all minimal explanations of L — R,ie., [{L' C L | L E
L— R and VL" C L'.L" = L — R}|.

Theorem 4. #ME is #P-complete.

Proof. The problem is in #P. Given a Duquenne-Guigues Base £, an implication
L — R that follows from £, and a set £’ C £ we can in polynomial time verify
whether £’ = L — R just by checking whether R C £'(L) holds.

In order to show #P-hardness, we are going to give a parsimonious reduction
from the #P-complete problem #MINIMAL VERTEX COVER, which is the problem
of counting the minimal vertex covers of a graph. It has been shown to be #p-
complete in [2T]. In our reduction we are going to use the same construction as
in the proof of Theorem [ i.e., from a given graph G we construct the same
Duquenne-Guigues Base £, and the same implication ¢ as in Theorem [3] What
we additionally need to show here is that this construction establishes a bijection
between minimal vertex covers of G and minimal explanations of ¢ in L.

First we show that the construction in the proof of Theorem [3 establishes an
injection: Assume W C V' is a minimal vertex cover of G, then the following set
of implications is a minimal explanation of ¥ in L:

E’;:{{mw}ﬂ{mej |w€ej,1§j§k}\w€W}U
{{mavmelv'”vmek} - {mb}}

In the proof of Theorem [l we have already shown that £’ is an explanation.
Here we need to show that it is minimal as well. If W is minimal, then removal
of any vertex w from W will result in a Y C W such that v;; € Y and vjo € Y
for some edge e;. This implies that removal of the corresponding implication
{mw} — {me, | w € e;} from £’ will result in a £” such that the attribute me,
does not appear on the right handside of any of the implications in £”, which
means that £’ cannot explain 1, i.e., £’ is minimal.

Now we show that it establishes a surjection: Assume £’ is a minimal expla-
nation. Then every me;, 1 < j < k, occurs at least once on the right handside of
some implication of the form {m.,} — {m., | w € e;}, where w € W, because
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otherwise £’ cannot explain 1. We have already shown in the proof of Theorem
Theorem [ that such a W is a vertex cover. Moreover, removal of any implication
of this form from £’ results in a set of implications that is not an explanation.
This is because £’ is a minimal explanation. That is, removal of any w from W
results in a Y C W such that vj; € Y and vjo € Y for some 1 < j <k, ie,
W is minimal. Thus we have shown that our construction establishes a bijection
between minimal vertex covers and minimal explanations. m|

5.3 Computing All Minimal Explanations

In Example [[] we have demonstrated that a given implication can have expo-
nentially many minimal explanations in a given Duquenne-Guigues Base. Given
this fact, it is clearly not possible to enumerate all minimal explanations in time
polynomial in the size of the input. In this case one can investigate the existence
of an output polynomial algorithm for this problem:

Problem: MINIMAL EXPLANATION ENUMERATION (MEE)

Input: A Duquenne-Guigues Base £ and an implication L — Rs.t. L= L — R.
Output: The set of all minimal explanationsof L — Rin L,i.e.,{L'C L | L E
L— R and VL' C L. L" £ L — R}.

In order to investigate the complexity of this enumeration problem, we need to
investigate the following decision problem:

Problem: ADDITIONAL MINIMAL EXPLANATION (AME)

Input: A Duquenne-Guigues Base £, an implication L. — R st. L E L — R,
and a set of minimal explanations of L — Rin £, ie, 7 ={J; | J; C L, J; =
L—RandVJT C J;. J ¥~ L— R}

Question: Is there a minimal explanation that is not already listed in _#, i.e.,

JCLsuchthat T =EL—-R VYT CJ. J ¥~EL—Rand J & 77

Because if AME is not in P, there cannot be an algorithm that solves MEE in
output polynomial time (unless P = NP). We can show it by the same argument
used in the proofs of Propositions [ and Bl It is not difficult to see that AME
is in coNP. Given an instance of AME with the Duquenne-Guigues Base L, the
implication 9 and a set of minimal explanations _#, we can nondeterministically
guess a minimal subset of £ that is not already contained in _# and in polynomial
time verify that this subset does not explain 1. Unfortunately we do not know
the lower bound of this problem at the moment. It is definitely an interesting
question whether this problem, like API and Pis, is also related to the decision
problems SIMPLE-H-SAT and TRANS-HYP from hypergraph theory.

6 Concluding Remarks and Future Work

We have considered several decision, enumeration and counting problems related
to pseudo-intents. Among them, PIE, the problem of enumerating pseudo-intents
has been the central point of our interest. The question whether this problem
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can be solved in output polynomial time or not remains unfortunately open.
However we have formulated two decision questions, namely API and PIS, that
are crucial in determining the complexity of PIE. Some interesting consequences
of our results can be summed up as follows:

— If any of the problems API, or PIS turns out to be coNP-hard, then unless P
= NP, there cannot be an algorithm that solves PIE in output polynomial
time (Proposition [I Proposition [3).

— Showing that any of the problems API or PIS is polynomial implies that the
open problems TRANS-HYP and SIMPLE-H-SAT are also polynomial (Theorem
[ Theorem 2 [3]).

— Even if TRANS-HYP and SIMPLE-H-SAT turn out to be polynomial, API and
PIS can still be coNP-hard, thus it can still be the case that PIE is not solvable
in output polynomial time.

— Even if API and PIS turn out to be polynomial, it can still be the case that
PIE is not solvable in output polynomial time.

We have also investigated the complexity of finding explanations, i.e., subsets
from which a given implication follows, in a given Duquenne-Guigues Base. We
have shown that finding a minimum cardinality one is NP-complete, and counting
minimal explanations is #P-complete.

As future work, we are going to work on determining the exact complexity
of the problems API and PIS. For API, we are going to investigate whether the
hardness result [3] on hypergraph saturation for arbitrary graphs carries over to
API on arbitrary formal contexts. For PIS, we are going to investigate the types
of formal context where PIS and TRANS-HYP (and thus PIE and TRANS-ENUM)
become computationally equivalent problems, and find out whether this type
of formal contexts are natural in some applications, and how often they occur
in practice. One other interesting question is of course the lower complexity
bound for checking whether a set is a pseudo-intent. We are going to investigate
whether this problem is also related to some hypergraph problem. In addition
to this, we are going to work on determining the exact complexity of counting
pseudo-intents.Note that in [I5/16] it has been mentioned that this problem is
in #P, but this is not true. The results there only imply that this problem is in
#-coNP [12], which contains #P. On the explanations side, we are going to work
on determining the exact complexity of AME.

Acknowledgments. Thanks to Felix Distel for proof-reading a preliminary
version of this work.
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Abstract. In a previous ICFCA paper we have shown that, in the De-
scription Logics £L£ and € Lgg,, the set of general concept inclusions hold-
ing in a finite model always has a finite basis. In this paper, we address
the problem of how to compute this basis efficiently, by adapting methods
from formal concept analysis.

1 Introduction

Description Logics (DLs) [3] are a well-investigated family of logic-based
knowledge representation formalisms, which are employed in various applica-
tion domains, such as natural language processing, configuration, databases, and
bio-medical ontologies, but their most notable success so far is the adoption of
the DL-based language OWL [11] as standard ontology language for the seman-
tic web. From the Description Logic point of view, an ontology is a finite set of
general concept inclusion axioms (GClIs) of the form C C D, where C, D are con-
cepts defined using an appropriate concept description language. Such a concept
description language allows one to construct complex concepts out of concept
names (unary predicates, interpreted as sets) and roles (binary predicates, inter-
preted as binary relations) using certain concept constructors. Complex concepts
are again interpreted as sets. To be more precise, given an interpretation of the
concept and role names, the semantics of the concept constructors determines,
for every complex concept, a unique set as the extension of this concept. The
GCI C C D states that, in a model of the ontology, the extension of the concept
C must be a subset of the extension of the concept D.

When defining a DL-based ontology, one must first decide on which vocabulary
(i-e., concept and role names) to use, and then define appropriate constraints on
the interpretation of this vocabulary using GCIs. The work described in this
paper is motivated by the fact that coming up with the right GCIs by hand is
usually not an easy task. Instead, we propose an approach where the knowledge
engineer is required to provide us with a finite model, which should be seen as
an abstraction or approximation of the application domain to be modeled. We
then automatically generate a finite basis of the GCIs holding in the model, i.e.,
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a finite set of GCIs that hold in this model and from which all GCIs holding in
the model and expressible in the employed concept description language follow.
The knowledge engineer can use the computed basis as a starting point for the
definition of the ontology. She may want to weaken or even remove some of the
GClIs if the chosen model was too restricted, and thus satisfies GCIs that actually
do not hold in all intended models. As an example, assume that we want to
define a family ontology, using the concept names Male, Father, Female, Mother,
and the role name child. Consider a finite model with two families. The first
family consists of John, Michelle, and Mackenzie, where John is male and a
father (i.e., John belongs to the interpretation of the concept names Male and
Father), Michelle is female and a mother, and Mackenzie is female and a child of
both John and Michelle. The second family consists of Paul, Linda, and James,
where Paul is male and a father, Linda is female and a mother, and James is
male and a child of both Paul and Linda. In this model, the GCIs

Father C Male M 3child. T and Mother C Female M dchild. T

hold. The first one says that every father is male and has a child, and the second
one says that every mother is female and has a child. If we had used a model
consisting of only the first family, then we would have obtained the too specific
GClIs Father C Maledchild.Female and Mother C Female M 3child.Female, where
mothers and fathers always have female children.

For the approach sketched above to work, the set of GCIs holding in a finite
model and expressible in the employed concept description language must have
a finite basis. Using methods from formal concept analysis (FCA), we have
shown in [5] that this is the case for the language ££, which allows for the
concept constructors T (top concept), CMD (conjunction), and Jr.C' (existential
restriction). Though being quite inexpressive, ££ has turned out to be very
useful for representing biomedical ontologies such as SNOMED [I4] and the Gene
Ontology [16]. A major advantage of using an inexpressive DL like ££ is that
it allows for efficient reasoning procedures [2[7]. Because of the nice algorithmic
properties of L, the new OWL standard will contain a profile, called OWL 2 EL,
that is based on £L.

In [5], the existence of a finite basis is actually first shown for €Ly, which
extends £L with cyclic concept definitions interpreted with greatest fixpoint
semantics. The advantage of using £Lgg, rather than £L£ is that, in £Lgg,, every
set of objects (i.e., elements of the domain of a given finite model) always has
a most specific concept describing these objects. Going from a set of objects
to its most specific concept corresponds to the -’ operator in FCA, which goes
from a set of objects in a formal context to the set of all attributes that these
objects have in common. The existence of most specific concepts in €Lz, thus
allowed us to employ methods from FCA. In a second step, we have shown in [5]
that the £Lg4p,-basis can be turned into an ££-basis by unraveling cyclic concept
definitions up to a level determined by the cardinality of the given finite model.

In [5], we concentrated on showing the exzistence of a finite basis for €Lqf,
and £L. Of course, if the approach for automatically generating GCIs sketched
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above is to be used in practice, we also need to find efficient algorithms for
computing such bases. This is the topic of the present paper. First, we show
that the algorithm for computing an implication basis of a given formal context
known from classical FCA can be adapted to our purposes. In contrast to the
classical case, we cannot assume that all attributes of the context are known
from the beginning. Instead, the set of attribute can be extended during the run
of the algorithm. This is vital for obtaining an efficient algorithm. In a second
step, we then extend this algorithm to an exploration algorithm. The advantage
of this second algorithm is that it no longer requires the finite model to be
completely represented in the computer from the beginning. As in the case of
classical attribute exploration [9], the model is assumed to be “known” by an
expert, who during the exploration process extends the represented part of the
model in order to provide counterexamples to implication questions.

We concentrate on computing a finite £L,¢p-basis since this basis can be
turned into an EL-basis as described in [5]. Due to the space limitation, we
cannot give complete proofs of our results. They can be found in [4]. We also
assume that the reader is familiar with the basic notion and results of formal
concept analysis (FCA).

2 A Finite Implication Basis for €L,

We start by defining ££, and show how it can be extended to £Lgp,. Then we
define most specific concepts in €Ly, and show how they can be used to obtain
a finite basis of the £L,s,-GCIs holding in a finite model.

The DLs £L£ and ELgg,

Because of the space restriction, we can only give a very compact introduction
into these DLs (see [I] for more details). Concept descriptions of ££ are built
from a set NV, of concept names and a set N, of role names, using the constructors
top concept, conjunction, and existential restriction:

— concept names and the top concept T are £L-concept descriptions;
— if C, D are £L-concept descriptions and r is a role name, then C' M D and
Jr.C are £L-concept descriptions.

In the following, we assume that the sets N, and N, are finite. This assumption
is reasonable since a finite ontology can contain only finitely many concept and
role names.

Models of £L are pairs (4;,-!), where 4; is a non-empty set, and -* maps role
names 7 to binary relations r’ C A; x A; and £ L-concept descriptions C' to their
extensions C* C A; such that

_— (Y =i, aa
(Ir.D) = {d € A;|Je € D' such that (d,e) € r'}.
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Subsumption and equivalence between £ L-concept descriptions is defined in the
usual way, i.e., C' is subsumed by D (written C' C D) iff C* C D? for all models
i, and C is equivalent to D (written C = D) iff CC D and D C C.

ELgypp, is the extension of £L£ by cyclic concept definitions interpreted with
greatest fixpoint (gfp) semantics. In £Lg¢,, we assume that the set of concept
names is partitioned into the set Nprim of primitive concepts and the set Nger of
defined concepts. A concept definition is of the form

BOEPlﬂ...ﬂPmHHTl.Blﬂ...HHTn.Bn

where By, Bi,...,Bn, € Naet, Pi,..., Pn € Noprim, and 71,...,7, € N,.. The
empty conjunction (i.e., m = 0 = n) stands for T. A TBoz is a finite set of
concept definitions such that every defined concept occurs at most once as a
left-hand side of a concept definition.

Definition 1 (£Lgs,-concept description). An £Lg¢,-concept description is
a tuple (A, T) where T is a TBox and A is a defined concept occurring on the
left-hand side of a definition in T .

Models of €Lgf, are of the form i = (A4;, %) where 4; is a non-empty set, and -
maps role names r to binary relations r* C A; x A; and primitive concepts to
subsets of A;. The mapping -* is extended to &Lgg,-concept descriptions (4, 7))
by interpreting the TBox 7 with gfp-semantics: consider all extensions of i to
the defined concepts that satisfy the concept definitions in 7, i.e., assign the
same extension to the left-hand side and the right-hand side of each definition.
Among these extensions of i, the gfp-model of 7 based on i is the one that assigns
the largest sets to the defined concepts (see [I] for a more detailed definition of
gfp-semantics). The extension (A, T)* of (A,7T) in i is the set assigned to A by
the gfp-model of 7 based on 1.

Subsumption and equivalence between &Lgs,-concept descriptions is defined
as in the case of £L-concept descriptions. It is easy to see that acyclic £Lggp-
concept descriptions (i.e., ones where the TBox component is acyclic) correspond
exactly to £L-concept descriptions. This shows that ££ can indeed be seen as a
sublanguage of £Lf,. In the following, we will not distinguish an acyclic £Lgg,-
concept description from its equivalent £L-concept description.

Most Specific Concepts in €L

In FCA, the prime operators -’ play an important role. Given a set of attributes
B, the set B’ consists of the objects of the given context satisfying all these
attributes. In DL, the operator -* plays a similar réle: given a concept description
C, the set C' consists of all objects in the model i (i.e., elements of A;) satisfying
C, i.e., belonging to the extension of C. In FCA, the prime operator can also
be applied in the other direction: given a set of objects A, it yields the set A’ of
attributes common to the objects in A. This is equivalent to defining A’ = Bpax,
where Bpax is the greatest subset of M such that A C B/,,.. In DL, the most
specific concept plays the role of this -/ operator.
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Definition 2 (Most specific concept). Let i be a finite ELgp,-model and X C
A;. The ELgp,-concept description C is the most specific £Lgp,-concept of X
in ¢ if it is the least ELgpp-concept description such that X C C'. By least
E Lyip-concept description we mean that every other £Lgs,-concept description
C satisfying X C C' also satisfies C C C.

Calling an £Lgyp,-concept description satisfying the above definition the most
specific £Lggp-concept of X in ¢ is justified by the fact that most specific concepts
are obviously unique up to equivalence. In [5] it is shown that, for €Ly, the
most specific concept always exists]

Theorem 1. For any finite £Lgsp-model i and any set X C A;, the most specific
ELygip-concept of X in i exists and can be computed effectively.

In the following, we denote the most specific €Lqpp-concept of X in i by X*. This
overloading of the notation -’ corresponds to the one employed in FCA for -/
The following lemma (taken from [5]) shows that the operators - indeed behave

similarly to the -’ operators.

Lemma 1. Let £ be a language for which X' exists for every X C A; and
every i € Z. Let i € T be an interpretation, X,Y € A; sets of objects and C, D
be concept descriptions. Then the following statements hold

1. XCY=X'CY' 4 C'CC 7. XCC'e XTCC.
2.CCD=C'CD’ 5. Xi= X
3. XCX" 6. C'=C"

The Set of GCIs Holding in a Finite Model and a Basis for this Set

An expression of the form C' — D, where C, D are £Lgg,-concept descriptions,
is called an £L4p,-GCI (or simply GCI)B We say that an GCI C — D holds in
the model 7 iff C* C D?. Given a set of GCIs B, we say that the GCI C — D
follows from B iff C — D holds in all models in which all implications from B
hold.

Definition 3 (Basis). For a given finite model i we say that a set of ELgep-
GClIs B is a basis for the £Lgp-GClIs holding in ¢ if B is

— sound for i, i.e., it contains only ELgrp-GCls holding in i, and
— complete for i, i.e., any ELgw,-GCI that holds in i follows from B.

The following lemma, taken from [5], shows that GCIs of the form C' — C% play
a special role.

! Note that this is not true if we use £L instead of £Lgg, (see [5] for an example).

2 GCl is an abbreviation for “general concept inclusion.” In DL, GCls are usually writ-
ten as C' C D. Here, we prefer to use the arrow notation to emphasize the connection
to implications in FCA and to avoid confusion with subsumption statements.
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Lemma 2. Let C, D be £Lgp,-concept descriptions and i a finite £Lgp,-model.
Then

— C — C% holds in i, and
— if C — D holds in i, then C — D follows from {C — C%}.

This lemma reinforces the similarity between the -’ operators from FCA and

our -* operators. In fact, in FCA a basis of all implications holding in a finite
context can be obtained by taking all implications P — P’ where P is a so-
called pseudo-intent of the context (see Section Bl below). Following the lead of
FCA, we thus need to determine which £Lg¢,-concept descriptions can play the
role of pseudo-intents, i.e., we want to find a finite set A; of left-hand sides for
GCI such that the set of GCIs C — C* for C € A; is a basis for the £Lyp,-GCIs
holding in 7.

Before we can define such a set, we need to introduce one more notation.
Given a finite set U of £Lgp,-concept descriptions, [(U := []ncy C denotes
their conjunction. The set A; will be obtained as the set of all such conjunctions
for subsets of a basic set M;.

Definition 4. Let i be a finite ELqp,-model. The sets M;, A; are defined as
M; := Nprim U{3r. X" |1 €N, and X C A} and Ay :={[ |U | U € M;}.

Since NMprim, Ny, and A; are finite, M; and A; are finite as well. Thus, the basis
introduced in the next theorem is finite as well.

Theorem 2. The set of GCIs B; := {C — C% | C € A;} is a finite basis for
the €Lgp-GCIs holding in 1.

This basis actually differs from the one defined in [5]. However, the proof that
this is indeed a basis for the £Lz,-GCls holding in 7 is very similar to the one
given in [5] for the basis introduced there.

The definition of B; also provides us with a brute-force method for computing
this basis. To compute M;, all we have to do is consider the (finitely many)
subsets X of 4A;, and compute their most specific concepts. The set A; is then
obtained by considering all subsets of M;, and B; is obtained from the elements
C of A; by first computing their extensions in 4, and then building the most
specific concepts of these extensions.

This brute-force approach has two disadvantages. First, up to equivalence of
ELgsp-concept descriptions, the set {X*| X C A;} may be considerably smaller
than the powerset of 4;. In fact, not every subset of A; needs to be an extension
of an €Lgp,-concept description, and thus different subsets of A; may have the
same most specific concept. Second, we also want to be able to deal with a
situation where the model 4 is not explicitly given, but rather “known” to an
expert. Similar to the case of attribute exploration in FCA, we then want to elicit
enough information about i from the expert to be able to compute a basis, but
without having to ask too many questions. In this situation, neither all subsets
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of A; nor their most specific concepts can be assumed to be known/computable
at the beginning of the exploration process.

In order to obtain a more practical algorithm for computing a basis, we will
view the set M; as the set of attributes in a classical formal context induced
by the model 4. In the next section, we define this induced context and state
some interesting connections between the -/ operations in this context and the
- operations defined in the present section. Basically, we want to apply to the
induced context the classical FCA algorithm for computing an implication basis.
However, there are two differences compared to the classical case. First, we can-
not assume that all the attributes (i.e., all the elements of M;) are known from
the beginning. Second, since our attributes are £Lgpp-concept descriptions, we
can use the known subsumption algorithm for this DL [I] to obtain background
knowledge about relationships between these attributes. Thus, we use an algo-
rithm for computing an implication basis that can handle background knowledge
[15], and extend it such that it can deal with a growing set of attributes.

3 Formal Concept Analysis

Because of space constraints, we cannot give an introduction into FCA here.
We thus assume that the reader is familiar with basic notions such as formal
contexts; attributes and objects; the -’ operators; intents, extents, and pseudo-
intents; and implications and implication bases (see, e.g., [10]). At several points
in this paper we use the so-called Next-Closure Algorithm, which can also be
found in [I0]. Recall that a total order on a finite set of attributes M induces
the so-called lectic order, which is a total order on the powerset of M. Given
a set of attributes U and a set of implications B, the Next-Closure Algorithm
computes the lectically smallest set of attributes V' that is closed with respect
to B (i.e., respects all implications in B) and lectically greater than U.

Background Knowledge and Growing Sets of Attributes

We adopt Stumme’s approach for handling background knowledge [15], where
the background knowledge is given by a set of implications holding in the context
under consideration. We say that a set of implications B is an implication basis
for the context K w.r.t. the set of background implications S if BUS is a sound and
complete set of implications for K. As in the case without background knowledge,
pseudo-intents provide us with the left-hand sides of such a basis. Given a set S
of background implications, the notion of a pseudo-intent is extended as follows.

Definition 5. Let (G, M,I) be a formal context and S a set of implications
holding in (G, M,I). The set P C M is called S-pseudo-intent if P respects all
implications in S and Q" C P holds for every S-pseudo-intent Q C P.

Stumme shows that this notion of pseudo-intents yields a minimal implication
basis w.r.t. the background knowledge. To be more precise, he proves that the
following holds for the set of implications

Bs :={P — P" | P is S-pseudo-intent in K}
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Algorithm 1. Construction of an implication basis w.r.t. background knowledge
for the case of a growing set of attributes

1: Input: Ko = (G, Mo, Iv), So

2: Iy ::(Z), PQI:Q),]CZZO

3: while Py # null do

4: iy = HkU{Pk}

5: k:=k+1

6: Input: K = (G, M, Ii), Sk

7: if Mk = Mk,1 = Pk then

8: P := null

9: else

10: Py := lectically smallest set of attributes that is
— closed with respect to {P; — PJ{/’“ | P; € IIt} and Sk, and
— lectically larger than Pj_1.

11: end if

12: end while

— Bs is an implication basis for K w.r.t. S, and
— Bs has minimal cardinality among all implication bases for K w.r.t. S.

Algorithm [I] looks at a setting where the set of objects is fixed, while the
set of attributes as well as the background knowledge can grow. It starts with
a context Ko = (G, My, Ip) and a set of background implications Sy that hold
in Kg. In each step, new attributes and new background implications may be
added by the user, thus yielding a new context Ky = (G, My, I;;) and an new
implication set Si. We require for all k¥ > 1 that (i) My_1 C My; (ii) I agrees
with I_q on My_1q, i.e., for all g € G and for all m € My_1 we have (g, m) € I
iff (g,m) € I—1; (iii) Sk—1 C Sk; (iv) the implications of Sy hold in K. The
Next-Closure Algorithm used in line [I0 of the algorithm requires a total order
on the set of attributes. We assume that the total order on M} extends the one
on My_1 such that a < b for all a € My_1 and b € My \ My_1. To make clear
which context we are referring to when using the prime operators, we add the
index of the context; e.g., A”* is used to denote the set obtained from A by
applying the prime operator of the context Kj twice.

It is easy to see that Algorithm [ terminates if, and only if, from some point
on the set of attributes is no longer extended. Now, assume that the algorithm
has terminated after the n-th step. We want to show that the set of implications

B .= {P; — P/ | P; € II,}}

is an implication basis for the final context K,, w.r.t. the final set of background
implications S,. To prove this, we first need to show that the set of left-hand
sides IT, “covers” all the quasi-closed sets of attributes for K,,. A set of attributes
U is called quasi-closed for a context K iff, for all subsets V' C U, it holds that
either V/ CU or V" =U".
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Lemma 3. If Q is a set of attributes that is quasi-closed for K,, and respects all
the background implications in S,, then there is some P € II,, such that P C
and P'» = Q"

It is a well-known fact that all pseudo-intents are quasi-closed [8]. Likewise, we
can show that all S,-pseudo-intents are quasi-closed for K,, [4]. In addition,
Sp-pseudo-intents by definition respect all implications of S,,. Thus, Stumme’s
result implies completeness of {@ — Q" | @ is quasi-closed in K,
and respects all implications of S} U S. Obviously, if P C @ and P~ = Q"
then the implication P — P’ has the implication Q — @Q’'» as a consequence.
Thus, Lemma [3 yields completeness of {P — P”» | P € IT,} USH

Theorem 3. Assume that Algorithm[ll has terminated after the n-th step. Then
st? is an implication basis for K, w.r.t. S,.

Note that, in contrast to the case of fixed set of attributes, in step & we must
add Py to the set of left-hand sides even if P is an intent of Ky, i.e., P, = P,i”".
This is so because it might happen that P, = P,é”“, but P # P,g" because the
attributes in P,g" \ P,i"“ have only been added at a later point.

The Induced Context

What we call induced contexts in this work are formal contexts whose attributes
are concept descriptions and whose set of objects is the domain of a finite model
. In such a context, an object x has an attribute C if x is in the extension of
the concept C' in the model i. Similar contexts have been introduced in [12I13].
In the following, we examine the connection between the --operators in the
induced context and the --operators in the model 7. Induced contexts establish
the connection between the DL world and the FCA world which we need for the
algorithms introduced in the next section. But let us first give a more formal
definition of the induced context for the cases of £Lgpp

Definition 6 (induced context). Let i be a finite £Lqs,-model and M a finite
set of ELggp-concept descriptions. The context induced by M and i is the formal
context K = (G, M, I), where G = A; and I = {(z,C) | C € M and x € C*}.

In FCA, an object is in the extension of a set of attributes U iff it has all the
attributes from U. In DL terms, this means that x is in the extension of the con-
junction over all elements of U. Thus, the set of attributes U C M corresponds
to the concept [ ], C. In the other direction, we can approximate an arbitrary
concept description C' by the set of all attributes D € M that subsume C'. Since
M in general contains only a small number of concept descriptions, this is really

3 Note that soundness is trivial since it is well-known that implications P — P hold
in the context that defines the prime operators used.

4 Note, however, that the definitions and results given here do not really depend on
ELgsp. They hold for any concept description language in which the most specific
concept exists.
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just an approximation, i.e., the conjunction of these concepts D may strictly
subsume C.

Definition 7. Let K be the context induced by M and i, C an ELgs,-concept
description and U C M. We define prg (C) :={D € M | C C D}, and call this
the projection of C to K. Conversely, we define [ U = [|pcy D, and call this
the concept defined by U. We say that C' can be expressed in terms of M iff
there is some V.C M such that C =[|V.

As an immediate consequence of this definition we obtain that the mappings
C +— prg (C) and U — [|U are antitonic:

— C C D implies prg (D) C prg (C),
—UCVimplies[|[VC[]U.

In general, not all £Lgp,-concept descriptions can be expressed in terms of
M. Therefore, it is quite obvious that information is lost when we make the
transformation from a concept description to the corresponding attribute set and
back. This is the reason why, in the following lemma, we only have subsumption
and subset relationships rather than equivalence and equality relationships.

Lemma 4. Let K be the context induced by M and i, C an €Lgs,-concept de-
scription, and U C M. Then the following statements hold:

1. CQHII)/rK(C) ) 3. UCprg ([1U)
2. pry (C)" C pryg (C) 4 Uy CU”

If a concept description is expressible in terms of M, then no information is
lost by the conversion to the corresponding attribute set. This is the reason
why, under additional expressibility conditions, the subsumption and subset re-
lationships of the above lemma can be turned into equivalence and equality
relationships.

Lemma 5. Let C be an ELgp,-concept description and U C M a set of attributes
such that both C and ([JU)" can be expressed in terms of M. Then the following
statements hold:

1. C=[prx (O) 2. prg (C¥) =prg ()" 3. TMU" = (MU)*

4 Computing a Basis for the £L,-GCIs Holding in a
Finite £Lg¢,-Model

First, we consider the case where the finite model i is given right from the
beginning. In this case, we basically apply Algorithm [ to the context induced
by M; (see Definition[]) and . In a second step, we extend the algorithm obtained
this way to a model exploration algorithm, which can deal with the case where
the model 7 is not explicitly given, but rather “known” to an expert.
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Algorithm 2. Computing a basis for an a priori given model ¢
1: Input: finite model i = (A;, )

2: Mo := Nprim, Ko := the context induced by My and i, Sp := 0)
3 Ilo:=0,Ph:=0,k:=0

4: while Py # null do

5: iy = HkU{Pk} -

6: Mip1 = M U{3r.([P)" | r € N}

7. Sk+1:={{C}—{D}|C,D € M, CC D}

8: k=k+1

9: if Mk = Mk,1 = Pk then

10: P := null

11: else

12: Py := lectically next set of attributes that respects all implications in
{P;j — P/* | 1<j<k}and Sk

13: end if

14: end while

The Case of an A Priori Given Model

Let ¢ be a finite £Lgsp,-model. Recall that the basis B; introduced in Section [2is
the set of all implications C — C* where the left-hand sides C are of the form
C =T1U for some subset U of

M; = Nppim U {3r.X* | r € N, and X C A;}.

Therefore, it is natural to look at the induced context for the attribute set
M;. The elements of M; are £Lgp,-concept descriptions, and thus there may
be subsumption relationships between them, which can be computed using the
known polynomial-time subsumption algorithm for €L, [I]. We will use these
subsumption relationships as background knowledge. Obviously, if C' C D for
& Lygp-concept descriptions C, D € M;, then the GCI ¢ — D holds in 4, and
thus the implication {C'} — {D} holds in the context induced by M; and i.

Since Algorithm [ allows for a growing set of attributes, we do not start with
the whole set M;. Instead, we start with the set Nprim of primitive concepts, and
then extend the current set of attributes by adding £Lgg,-concept descriptions
of the form 3r.X?* whenever a new set of objects X is obtained as the extension
of a concept [ | P for an already computed left-hand side P. Algorithm [2] shows
the instance of Algorithm [] obtained this way.

Algorithm [ always terminates since there are only finitely many attributes
that can be added. In fact, every attribute that is added is an element of M,,
and we have already shown in Section 2] that M; is finite. Now, assume that
Algorithm Pl has terminated after the nth step. Then the algorithm has generated
a set II,, of subsets of M,, C M;. This set II,, gives rise to the following set of
GCls:

By :={[ |Pc — ([ |P)" | P € IT,}.

Theorem 4. Assume that Algorithm[Q terminates after the n-th step. Then B,
is a finite basis for the £Lgp,-GCIs holding in 4.
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Outline of the proof: Obviously, B,, is finite. In addition, since B,, is a subset
of B;, we know that it is sound. Thus, to show that B, is a finite basis for the
& Lg1p-GClIs holding in 4, it is enough to show completeness, i.e., any £ Lgp,-GCI
that holds in ¢ follows from B,,. Completeness can be proved in two steps. The
first step is to show that, up to equivalence, M, contains all attributes of the
form 3r.X? for X C A;. The second step then uses this fact to actually prove
completeness of B,,. Step 1 is again divided into two parts.

(a) For a set of attributes U C M,,, we consider its closure U~ under the
double-prime operator -/» of the context K,. As an intent of K,,, U"”" is closed
under -», and it respects any implication that holds in K,,. Hence it is quasi-
closed and respects all the implications of S,,. Therefore, Lemma [3] ensures that
there is some Py, € IT,, such that P, C U and P;» = U"". After the k-th step
of the algorithm, all attributes of the form 3r.([]P)%, where 0 < [ < k, have
been added to the set of attributes. Using Lemma [l and [ it is possible to prove
that ([ P.)" = ([TU)% (see [4] for details). This shows that, up to equivalence,
for every set U C M,, the descriptions Ir.([]U)* must be in M,,.

(b) The fact that M, contains all attributes of the form 3r. X for X C A; can
now be proved by induction on the depth of X?, where we say that X* has depth
d iff d is the least role depth of £L-concept descriptions D such that X = D¥,
In [5] it is shown that this notion of a depth is indeed well-defined. The base
case is easy. In fact, if X? has depth 0, then it can be written as conjunction of
primitive concepts, i.e., X* = ([JU)* for U C My C M,. But then it follows
from (a) that M, contains an attribute that is equivalent to Ir.([]U)% = Ir. X".
The step case is very similar, except that one has to show that every X% of
role depth d can be written as the conjunction of primitive concept names and
concept descriptions of the form 3r.Y? where Y has depth less than d (details
can be found in [4]).

Step 2. By Theorem Bl we know that the set SU{P — P~ | P € I} is a
basis for the implications in K,,. Let L € A; be a premise of some implication
from the basis B; that is not an intent w.r.t. 4, i.e., L # L*. We can show that
not only L, but also L belongs to A;, and thus both can be expressed in terms of
M,,, as shown in Step 1. Lemma @ can be used to derive pry (L) # prg, (L*) =
pry, (L)"™. Consequently, prg, (L) is not an intent of K,,, and hence there must
be an implication P, — P, for P, € I, that prg (L) does not respect, i.e.,
P, Cprg (L), but P;» ¢ prg_(L). But then Lemma [ implies that L C [ P,
but L IZ ([]Px)™.

Thus, for every concept description L € A; that is not an intent w.r.t. 7, there
is some Py € I1,, such that L C [ Py, but L IZ ([ Px)®. Since [P, — ([ Px)®
belongs to B, the GCI L — L1 ([ Px)* follows from B,,. Since L IZ ([ Px)%,
the concept description L M ([] Py)® is strictly subsumed by L, and it can be
shown that LM ([ Px)® € A;. If LN (] Px)™ is not an intent, then we can use the
same argument, and find P, € I1,, such that LM([7] Py)® — LO([ Pe)“N([ P,)*
follows from B,, and LM([] Py)“M([] P,)" belongs to A; and is strictly subsumed
by L ([]Px)%, etc. Since A; is finite, this cannot go on forever, and thus we
must reach an intent, which can actually be shown to be equal to L% (see [4] for
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more details). The whole chain of implications thus implies the single implication
L — L™. This proves that all implications from B; follow from B,,. Because B;
is complete, B, is also complete. a

The Exploration Algorithm

Now, we extend Algorithm [2] to a model exploration algorithm, which can deal
with the case where the finite model i (called background model in the following)
is not explicitly given, but rather “known” to an expert. We assume that, at the
beginning of the exploration process, only some “parts” of the model i are given
to the exploration algorithm as working model iy. In the following, we assume
that the model iy as well as its extensions ¢; generated during the exploration
process are connected submodels of i, i.e., we have A;, C A;, v € A iff v € A’
for all A € Nprim and all z € A, , and A, is closed under i-role successors: if
r € A, and (z,y) € r* for a role r, then y € A;, and (x,y) € r'o. It is easy to
see that this implies x € C% iff 2 € C* for all £Lgp,-concept descriptions C' and
all x € A

Algorithm B describes our model exploration algorithm. The modification with
respect to Algorithm 2l merely consists of adding a second while-loop to the algo-
rithm. Intuitively, this loop is used to determine the proper conclusion ([7] P)*
for a given premise []P;. Since i is not explicitly given, ([]Py)® cannot be
computed directly, but only by interacting with the expert. This is done in the
following way. The implication [P, — ([] Px)%% is presented to the expert. If
the expert refutes the implication (i.e., says that it does not hold) then she is
required to provide a counter-example, i.e., a connected submodel ¢;;1 of i that
extends ij; (i.e., satisfies A;; € A;,, ). This is repeated until the expert states
that [Py — ([]Px)%% holds in .

Since the set M; is finite, only finitely many attributes can be added by
Algorithm [Bl Therefore, the outer while-loop can only be entered a finite number
of times. With every pass of the inner while-loop, the working model is extended.
Since the working models are submodels of the finite background model, this can
only happen a finite number of times. This shows that Algorithm [3] terminates
after a finite number of steps. Soundness and completeness of Algorithm [3] are
easy consequences of soundness and completeness of Algorithm

Theorem 5. Assume that Algorithm [3 terminates after the n-th iteration of
the outer while loop and that iy is the actual working model. Then {[P, —
(M Py’ | Py € I,} is a finite basis for the ELqp-GCls holding in 1.

An Example

We illustrate Algorithm [2lusing the example from the introduction. The domain
of the background model thus consists of six persons: John, Michelle and their
daughter Mackenzie, as well as Paul, Linda and their son James[ As primitive

5 Since this is a very simple model, it satisfies GCIs not holding in the “real world.”
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Algorithm 3. The model exploration algorithm

Input: working model 49 (connected submodel of the finite background model %)

My := Nprim, Ko := the context induced by My and ig, Sp := 0

Iy :=0, Ph:=0,k:=0,5:=0

while P; # null do

while expert refutes [ P, — ([ Px)%% do

ji=j+1
Ask the expert for a new working model i; that extends i;_1, is a connected
submodel of i, and contains a counterexample for [| P, — ([ Py)¥-1%-1

8: end while

9: iy = HkU{Pk}

10:  Myyr := My U {3r.([Px)%% | r € Ny}

11:  Skp1:={{C}—{D} | C,D € M;,C C D}

122 k:=k+1

13: if Mk = Mk,1 = Pk then

14: P := null
15:  else
16: Py := lectically next set of attributes that respects all implications in

{P,— P |1 <1<k} and S
17: end if
18: end while

concepts we use Male (M), Female (F), Father (Ft) and Mother (Mt), and as
role child (c). Let us assume that the initial working model iy contains only the
first family, i.e., A;, consists of John, Michelle, and Mackenzie, and we have

Mt = Ft'o = {John}, Mt = {Michelle},
Fio ={Michelle, Mackenzie}, c' ={(Michelle, Mackenzie), (John, Mackenzie)}.

Ist Iteration: The algorithm starts with Py = (). We have [Py = T and
Tii = T, and thus the expert is asked whether the GCI T — T holds in i.
Obviously, the answer must be “yes,” and we continue by computing the new
set of attributes M; by adding Je.T to My = Nprim. The induced context Ky

obtained this way is Ft M Mt F3e.T

John X X X
Michelle X X X
Mackenzie X

where we assume that the elements of M, are ordered as listed in the table.
2nd Iteration: The lectically next set that is closed with respect to {# — 01} =
{0 — 0} is {Ft}. We have Ftiolo = {John}% = Ft M M 3c.F, which gives rise to
the GCI Ft — FtM M Mdc.F. Thus, the expert is presented with the question: “Is
it true that every father is male and has a child that is female?”. This is not true in
the background model i since Paul is a father without daughter. The expert refutes
the GCI by adding Paul as a counterexample. Note that she must also add James,
because the new working model 7; must be a connected submodel of i. Based on
this model, the algorithm computes a new right-hand-side for the GCL: Fti1it =
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FtmMmM3de.T. Thenew GCI F't — FtM M Mde.T is presented to the expert, who
accepts it. Consequently, the new attribute Je.(Ft M M M 3e.T) is added.

We do not look at the next iterations in as much detail as for the first two.
The following GClIs are found:

Mt — Mt Fn3c.F (Refuted, Linda added as counterexample)
Mt — Mt F3de.T (Accepted)

FN M — Aa (Accepted)

Fe.TNM — FtM MM 3e.T (Accepted)

Je.TNF — Mt FN3e.T (Accepted)

Je.M M 3e.F — Aa (Accepted)

Jde.3e. T — Aa (Accepted)

NO O LN

Here Aa (“all attributes”) stands for the cyclic £Lgq,-concept description (7, A)
where T = {A=MNFNMtn FtMN3c.A}. Note that Aa is subsumed by any
& Lgip-concept description that can be formulated using the primitive concepts
M, F, Ft, Mt and the role c. As such, it is the best approximation of the bottom
concept that £Lyp, can come up with.

Interestingly, all the GCIs accepted during the exploration process, except for
the last two (6. and 7.), hold in the “real world.” The GCIs 6. and 7. are artefacts
of the simple model i used for the exploration. They are due to the fact that, in
i, there are no grandparents, and no one has both a son and a daughter.

5 Related and Future Work

The context induced by a finite model and a finite set of concept descriptions
as attributes has been considered before (e.g., in [I2J13]). However, since this
previous work did not make use of the most specific concept, the authors could
not show and utilize the connections between the -* operators in the model and
the -/ operators in the induced context. The work whose objectives is closest to
ours is [13]E| where Rudolph considers attributes defined in the DL FLE, which
is more expressive than £L£. Given a finite FLE-model, he considers an infinite
family of induced contexts K,,, where the finite attribute sets are obtained by
considering all FLE-concept descriptions (modulo equivalence) up to role depth
n. He then applies classical attribute exploration to these induced contexts,
in each step increasing the role depths until a certain termination condition
applies. Rudolph shows that the implication bases of the contexts considered up
to the last step contain enough information to decide, for any GCI between F LE-
concept descriptions, whether this GCI holds in the given model or not. However,
these implication bases do not appear to yield a basis for all the GCIs holding in
the given finite model, though it might be possible to modify Rudolph’s approach
such that it produces a basis in our sense. The main problem with this approach
is, however, that the number of attributes grows very fast when the role depth
grows (this number increases at least by one exponential in each step). In contrast

5 seehttp://relexo.ontoware.org/|for a tool that realizes this approach.
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to considering all concept descriptions up to a certain role depth, our approach
only adds an attribute of the form Jr.([] P)® if P has been generated as the
left-hand side of a GCI in our basis.

The main topic for future research is to show that the approach for using

attribute exploration to complete DL knowledge bases introduced in [6] can be
extended to the model exploration algorithm introduced in this paper.
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Abstract. Formal concept analysis (FCA) is increasingly applied to
data mining problems, essentially as a formal framework for mining re-
duced representations (bases) of target pattern families. Yet most of the
FCA-based miners, closed pattern miners, would only extract the pat-
terns themselves out of a dataset, whereas the generality order among
patterns would be required for many bases. As a contribution to the
topic of the (precedence) order computation on top of the set of closed
patterns, we present a novel method that borrows its overall incremental
approach from two algorithms in the literature. The claimed innova-
tion consists of splitting the update of the precedence links into a large
number of lower-cover list computations (as opposed to a single upper-
cover list computation) that unfold simultaneously. The resulting method
shows a good improvement with respect to its counterpart both on its
theoretical complexity and on its practical performance. It is therefore
a good starting point for the design of efficient and scalable precedence
miners.

1 Introduction

Formal concept analysis (FCA) extracts knowledge from datasets represented as
objects x attributes tables [4]. Concepts are key knowledge chunks that represent
meaningful abstractions in the underlying domain. They are particularly useful
when hierarchically ordered into the concept lattice as the structure can support
various types of reasoning such as classification, clustering, implication discovery,
etc. Yet the construction of the concept lattice is not a trivial problem, especially
with large datasets. Indeed, the size of the lattice could grow exponentially
with the number of data items, hence the need to design efficient algorithms for
the task (see [3]). The existing ones may roughly be split into three categories
with respect to the structure that is effectively output. Historically, the first
algorithms looked at the set of all concepts [I] which was not provided with any
particular structure. Later on, methods constructing the Hasse diagram of the
lattice, i.e., the concept set plus the precedence relation of the lattice, have been
designed [2l5]. Quite recently, the problem of ordering the set of concepts, i.e.,
extracting the set of precedence links out of them, has been tackled [17].

S. Ferré and S. Rudolph (Eds.): ICFCA 2009, LNAI 5548, pp. 162[177] 2009.
© Springer-Verlag Berlin Heidelberg 2009
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The question is of both theoretical and practical significance. Indeed, on the
one hand, efficient algorithms for the computation of the concept set exist which,
if appropriately completed, could yield a good overall method for lattice con-
struction. In particular, such methods can be easily crafted from the various
frequent closure miners abounding in the data mining literature [QTO/T2]. Yet
some miners, while very efficient, are particularly hard to adapt to the simulta-
neous computation of the Hasse diagram. We tend to see this fact as a sufficient
motivation for the design of algorithms dedicated to the latter task. On the other
hand, FCA is increasingly used within the data mining community as a formal
framework for the numerous reduced representations of patterns and associa-
tions. Hence the interest for the construction of the iceberg concept lattice, i.e.,
the ordered structure of all frequent intents. Once again, the existing closure
miners only output the intents and could therefore benefit from a complemen-
tary procedure deriving precedence out of the intent set. Yet to be efficient, the
target procedure should not perform operations that depend on the size of the
object set.

Our current study is motivated by the need for efficient computation of the
precedence links among intents without looking on the respective extents. It is a
follow-up to a previous work of the third author [I7] and a response to [7]. Both
algorithms basically work in the same way, i.e., they use the same intuition and
very similar supporting data structures. The initial approach, which boils down
to an incremental top-down construction of the lattice/iceberg diagram, has
been revisited and substantially improved, both on its theoretical and practical
aspects. In particular, given a concept, the basic test is on its being a lower
cover of specific concepts already integrated in the diagram (instead of looking
for its upper covers among previously processed concepts). Moreover, a deeper
insight into the concept neighborhoods within the lattice (which builds upon a
property from [I8]) is exploited to speedup the computation of precedence links.
The overall precedence link discovery process thus unfolds gradually: at each
iteration the lower cover lists of concepts already in the diagram are tentatively
updated.

Our method is a clear improvement of the state of the art as it outperforms
the reference algorithms. Indeed, the new approach of precedence calculations
results in a lower worst-case complexity (a multiplicative factor drops out). This
is empirically confirmed by the results of an experimental study involving a
straightforward implementation of the method and a large set of typical datasets
used in the pattern mining literature.

All in all, the contributions of the paper are three-fold. First, a handy property
of neighborhoods in the Hasse diagram is proven which can be used in the design
of further algorithms targeting the precedence links among concepts. Next, a
concrete method exploiting that property is devised whose complexity shows
a substantial improvement with respect to the reference method. Finally, an
extensive empirical study on the practical performances of the new method as
opposed to its counterpart is reported.
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The paper is organized as follows. After a short overview of the relevant FCA
notions and notations, we recall the reference method from [I7] (Section [2). The
structural results behind our approach are provided next (Section [), followed
by the presentation of the new method called iPred (Section Hl). Experimental
evaluations are also provided (Section [l). Finally, conclusion and future work
directions are given (Section [@).

2 Previous Work

2.1 Notation

We depart from the usual FCA notation, in which we have a formal context
K(G, M, I) plus the associated concept lattice. In this paper we focus on the
lattice formed by the set of intents of a formal context, let this set be C C §€2(M).
The lattice is this set plus an order on that set, this is: £ = (C, <), where
<, CCxC.

Since we are just focusing in the intents of the concept lattice, we have that
the bottom of the lattice is M whereas the top is (), if we assume that the formal
context is reduced. The precedence relation < between ¢, ¢ € C is such that
¢ =< ¢if and only if ¢ C ¢. This relation works inverted w.r.t. the inclusion relation
because of the orientation of the intents in the concept lattice.

Given two elements c¢,¢ C C, the relation < is that of being the immediate
predecessor, this is, if ¢ < ¢ we say that c is the immediate predecessor of ¢.

Property 1. If ¢ < ¢, then |c| > |¢].

We also define the following metrics on the lattice £: w(£) is the width of L,
whereas d(£) is the maximal degree of all the elements in L.

For our convenience, we flatten the set notation when dealing with sets. There-
fore, { a,b, c} becomes abc and {{a,b},{b,c}} becomes { ab,bc}.

2.2 Methods Computing the Precedence Order

The historically first algorithm to compute the set of concepts of a context,
Next-Closure [I], does not provide the precedence of the elements in that
context. Later algorithms, such as those due to Godin [5] and to Bordat [2],
compute both concepts and precedence yet the two tasks are interleaved hence
difficult to separate. This does not make good candidates to complete a frequent
closed itemset (FCI) miner out of them.

The first algorithm dedicated to the computing of the precedence was pub-
lished in [§] as a distinct and separable part of a complete algorithm for the
construction of a family of open sets and its semi-lattice. Yet the corresponding
method does not qualify for an efficient precedence miner either. Indeed, the
core operation which, in FCA terms, corresponds to the computing of the up-
per covers of a concept, boils down to intersecting the concept intent with all
intents of object that are not in the concept extent. Performing an operation a
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number of times that depends on the size of the object set in a context clearly
hurts the scalability of a method and hence limits its data mining potential as
in realistic settings the number of the objects is orders of magnitude higher than
the number of attributes. Nothewortily, transposing the context matrix would
not help here as the cost of the algoritm in [8] depends on both dimensions of
the context. Thus, whenever one of these is huge, its computation performances
will invariably suffer.

The method in [I7] is, to the best of our knowledge, the first attempt to address
the precedence computation problem with data mining concerns in mind. In fact,
the method only considers the set of all (frequent) intents and organizes them
into a graph representing the Hasse diagram of the (iceberg) lattice. To that
end, the intents are processed sizewise while at each step, the current intent is
integrated into the already constructed part of the lattice graph (an upper set
thereof for that matters) by recognizing its upper covers among the vertices of
that partial graph. More precisely, the target concepts are pinpointed among a
larger set of candidates, themselves generated by intersecting the current concept
intent with the intents of all the current minimal concepts of the partial graph
(see next subsection). The method has been recently rediscovered (see [7]) yet
this new version shows greatly improved practical performance.

The idea of computing the order among frequent closed itemsets (FCI, alias
frequent concept intents) has made its way into the data mining literature. For
instance, the Charm-L algorithm [I3] tackles that composite problem and its
performance is very satisfactory (see [16]). Yet Charm-L, like the aforemen-
tioned lattice algorithms mixes concept computing with precedence detection,
hence it is not a good choice for a mere precedence miner to adjoin to an existing
FCI miner.

Recently, an approach for computing the precedence link out of FCIs and
frequent generators has been proposed (see [14]). The corresponding method,
Snow, fully qualifies for the task of completing existing FCI miners in a generic
way. This has been extensively argued on in [I6]. Yet Snow comes with a price:
the minimal generators of frequent intents must be known as well as their re-
spective closures (among the frequent intents). Although this is often the case
that FCI miners output frequent minimal generators as byproduct, such practice
is not a must in the field, so an overhead for computing the generators and for
associating them to their closures must be provided for.

In our current study, we push further the ideas from [I7], i.e., computing the
precedence incrementally by incorporating the current intent into the already
constructed subgraph. The novelty is a completely reshuffled procedure for es-
tablishing the links among concepts. In what follows, we first present the original
algorithm and then the new one. Their respective worst-case complexity func-
tions are established to theoretically ground the claimed improvement: Here a
whole factor from the original formula vanishes. This is experimentally confirmed
by the results of our comparative study on the practical performances of both
methods.
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2.3 The BorderAlg Algorithm

We depart from the algorithms in [I7] and in [7], which we generically call
BorderAlg. In general terms, the approach of those algorithms is to find the
upper cover of the elements that are in the lattice. In order to achieve that,
the algorithm sorts all the elements in the lattice sizewise and then, it proceeds
to process each element one by one. At a given point of the algorithm, the
element that is to be processed is intersected with all the elements in the border.
The border set is the set of maximal elements of the set of already processed
elements. Those intersections form the candidate set of upper covers for the
current element. It is clear that those elements in the candidate set exist in
the lattice, because it is closed under intersection. However, not all of them
may necessarily be immediate predecessors. In order to find those predecessors,
the maximal elements of this candidate set must be found, which we call the
cover set. This is the set of upper covers for the current element. The algorithm
proceeds to add the connections between the current element and all the elements
in the cover set, updates the border set and proceeds with the next element.

Intuitively, we can see that for each element, we are sure that all those elements
in the lattice that are of size strictly smaller (Property [II), have been processed.
Since an element can only be in the upper cover if the size is strictly minor,
we know that all the elements that potentially are immediate predecessors have
already been processed. Some of them are in the border set, and the rest will
result from the intersection with all the elements in cover.

Input: C ={c1,¢2,...,¢ }
Output: £ = (C, <)

1 Sort(C);

2 Border «— {¢; };

3 foreach i € {2,1} do

4 Candidate < {¢;N ¢ | é € Border };
5 Cover «— Mazima(Candidate);

6 <g — < U{(c,0) | ée€ Cover};

7 Border « (Border — Cover) U ¢;;

8 end

Algorithm 1. The BorderAlg algorithm

To illustrate the BorderAlg algorithm, we have a formal context with its
associate concept lattice (where only the intents are shown) in Figure[ll Let us
assume that this algorithm has sorted the sets in the concept lattice (line 1) in
the following way:

{0,¢,d,a,bc,cd,de, abe, bed, ade, cde }

and that, at a certain point, all the elements up to de have been processed.
Therefore, we have that the lattice has been constructed up to the iceberg in
Figure 2
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Fig. 1. Formal context and its concept lattice, in which only the intents are present

be /cd /dc

Fig. 2. Iceberg of the already processed elements

a

And that the next element to be processed is abc. The border set will therefore
contain the elements a, be, cd, de, and the candidate set computed in line 4 will
yield the following set: {a,bc,c, 0}, which is the intersection of abc with the
border set. As it can be seen, the candidate set contains the elements of the
upper cover of abe (i.e. {a,bc}) that are the immediate predecessors of abc, as
well as other sets which are not in that upper cover: (i.e {¢, 0 }). Precisely, the
function Maxima in line 5 computes the Cover set from the Candidate set.
The resulting set is { a, bc }, and then, the connections (a, abe) and (be, abe) are
added to <, in line 6, the sets a and bc are removed from the Border set, and
abc is added to that same set, so that the final Border set after this iteration of
the algorithm is cd, de, abc.

The complexity of BorderAlg is ([I7]):

Clxw(L) x [M]?

More detailed information on the complexity analysis of BorderAlg can be
found in Appendix [Al

3 Theoretical Background of iPred

We have seen that the dominant factors in the complexity of Algorithm Bor-
derAlg are the size of the input set |C| and the computation of the maximal
elements of Candidate (the set Cover) which is w(L) x | M| x d(L). Since the first
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factor can’t be avoided, the efforts to reduce the complexity of this algorithm
should be directed towards the reduction of the computation of the Cover set.
In this paper we present our new algorithm, called iPred, which improves the
second factor by assuming a new strategy.

If we focus on the second factor of complexity in Algorithm [l we see that for
any given element ¢; we test which elements of the Candidate set also belong to
the Cover set. This computation is performed by choosing the maximal elements
of the Clandidate set, since the following condition is met:

Property 2. An element ¢ is in the Candidate set of an element ¢; € C if and
only if ¢; <X ¢.

That means that all potential elements that can be immediate predecessors of
¢; are all in the Candidate set. Therefore, the algorithm only needs to choose
among the Candidate set all those elements that are immediate predecessors
of ¢;, i.e:

{¢ € Candidate(c;) | ¢; < ¢}

This is what the function Mazima in line 5 of Algorithm [ does, since it chooses
the maximal elements of the Candidate set.

The algorithm iPred that we propose in this paper takes a different strategy:
instead of checking if an element ¢ of the Candidate set is in the upper cover
of the element ¢; which is currently being processed, we check if the element c;
belongs to the lower cover of ¢. Although in principle, it may seem that both
strategies should yield a similar (not to say the same) complexity, we prove in
this paper that iPred improves in a factor of d(£) the complexity of previous
algorithms. Since |M| is an upper bound of d(£), the improvement, in the best
of the cases, is that of |M]|.

In this section we present the mathematical background on which iPred is
based. We define an enumeration of C:

Definition 1. An enumeration of C is the set:
enum(C) = {c1,¢2,...,¢n }
such that Vi,j <n:i<j = |c;| < el

An enumeration is simply a sizewise sorting of the elements of a set. We now
define the face ([II]) and the set of faces of an element:

Definition 2. The face of an element ¢ € C w.r.t. an immediate successor ¢ is
the difference between those two sets. The set of faces is:

faces(c)={é—clé=<c}

For instance, according to the concept lattice in Figure[l] the face of a w.r.t. abc
is be, and faces(a) = { be, de }. We now define a partial union of the faces of an
element of the lattice:
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Definition 3. We define the accumulation of faces of an element ¢ € C
w.r.t. an enumeration enum(C) as:

Ai:U{cj—c\cjeenum(C) and c; < candj <t}

The accumulation of faces of ¢ C M up to ¢ is simply the faces of ¢ in the iceberg
lattice formed by the elements of the enumeration enum(C) up to i. Following
Figure[Il we have that if the enumeration of the lattice is

{0,¢,d,a,be,cd, de, abe, bed, ade, cde }

then, A? = bc and Al! = bede. This accumulation of faces is a handy way to
test whether an element of the lattice is in the lower cover of another element of
the lattice, as the next proposition shows:

Proposition 1. ¢; < ¢ if and only if c; N AL = 0 and ¢; < c.

Proof. = ¢;NAL =) and ¢; < cimplies that ¢; < c. By the way of contradiction,
let us assume that ¢; £ c¢. Since ¢; = ¢, there is a ¢ such that ¢; < ¢ < ¢
Therefore, by Definition [ of sequence, and by Definition 3] of accumulation of
faces, ¢ — ¢ C A%, and since ¢; < ¢, then, ¢; N A! # ), which is a contradiction.
< ¢; < c implies that ¢; N AL = () and ¢; < c. If ¢; < ¢, by Definition [ of
sequence, all the immediate predecessors of ¢ of size smaller or equal than |¢;|
are incomparable with ¢;, meaning that ¢; N A% = . (]

This proposition basically states that, given an enumeration of the elements of
a lattice, in order to know if between two elements c, ¢ of the lattice we have
that ¢ < ¢, we only need to test if the accumulation of faces of ¢ has an empty
intersection with c.

In order to compute the connections in a lattice according to Proposition [I]
the following must be performed:

1. Sort the elements of the lattice into an enumeration.

2. For each element in the lattice, the candidate set must be computed.

3. It must be checked if the element currently being processed belongs to the
lower set of all the elements of the candidate set.

The first two steps are as in BorderAlg, and the difference appears in the
third step. In order to test if the current element is in the lower cover of an
element of the candidate set, we must compute the accumulation of faces of the
latter. This step will reduce the complexity of BorderAlg in a factor of | M| as
we will see in the next section.

4 The iPred Algorithm

In this section we present our new algorithm called iPred, we examine its cor-
rectness and complexity, and we also provide a running example.
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4.1 The Algorithm

The algorithm is based on Proposition [Il and it computes the sets Border,
Candidate as in Algorithm [I but the set Cover is not needed any more. There
is an extra structure, A, in which we store the accumulation of faces for all the
elements of the lattice, and we choose the notation Alc] to show the access to
the accumulated faces of the set of attributes c. In terms of complexity, if this
structure is implemented with a trie, the access to an element would be linear

on
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the number of attributes: |M|. The iPred algorithm is as follows:

Input: C = {c1,¢2,...,¢ }
Output: £ = (C, <)
Sort(C);
foreach i € {2,1} do
A[Cz] — @;
end
Border « { ¢ };
foreach i € {2,1} do
Candidate «— {¢; N ¢ | é € Border };
foreach ¢ € Candidate do
if AlgJNne; =0 then
<g — < U(e,6);
Ale]l = Ale] U (¢; — é);
Border «+— Border — ¢;
end
end
Border «— Border U c;;
end

Algorithm 2. The iPred algorithm

The algorithm works as follows:

It sorts the elements of the lattice by size (line 1). This sequence is now an
enumeration as in Definition [

All the Ale;] in each element of the input set is initialized to the empty set.
This A[e;] will contain the accumulation of faces for each element (lines 2—4).
The first element in the border is the first element in the sequence (line 5).
All remaining elements in the input sequence are processed in the order in
which they appear in the enumeration (lines 6-16).

The candidate set is computed by intersecting the current element c; with
all the elements in the border (line 7).

We check if the current element belongs to the upper set of the elements that
are in the candidate set (lines 8-14). This is done by checking Proposition[I]
(line 9).
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7. If the test result is positive, by Proposition [[] we know that ¢; < ¢, so we
can add this connection to the output set (line 10), then we add that face
to the set of accumulated faces of ¢ (line 11) and finally, we remove ¢ from
the Border (line 12).

8. Before the next element is processed, we make sure that c¢; is added to the
border (line 15).

The correctness of this algorithm follows from the following facts:

1. C is a valid enumeration, according to Definition [I

2. A[¢] has at each step of the algorithm the accumulation of faces AL. At the
beginning of the algorithm, for any element ¢ of the lattice, its accumulation
is the empty set, this is A2. Every time a new element ¢ such that ¢ < ¢ is
found, A% is updated conveniently in line 11, which guarantees that at the
loop i of the algorithm, Af¢] = AL

3. A connection is added if and only if the test in Proposition [Il is positive.
It should be noted that since all the elements of the Candidate set are the
intersection of ¢; with the elements of the Border set, we are sure that, for
each element ¢ € Candidate, ¢ C ¢; (i.e. ¢; < ¢) holds, which is one of the
conditions in Proposition [l

4. Border always contains the maximal elements of the set of processed ele-
ments. This border is updated in line 12, where the element ¢ is removed.
This is valid since we are sure that this can be done because ¢; will be added
to the border (line 15) and, at the same time, we know that ¢; < ¢ since we
are in the positive case of the test in line 9. If the test is negative, ¢; is also
added to the border, but no elements are removed.

Therefore, we conclude that Algorithm [2 finishes (since we assume that the
set | C | is finite), and correctly computes the connections in the lattice set, since
it correctly tests the condition in Proposition [l

4.2 Complexity Analysis
The complexity of the previous algorithm is based on the following factors:

1. The sort in line 1 can be performed in linear time w.r.t. the size of the set,
this is, | C | x |M] (as in Algorithm [IJ). The cost of line 2 is exactly the same.

2. The loop in lines 6-16 is done |C | times (as in Algorithm [I).

The complexity of the computation of the candidate set in line 7 is w(L) x| M|

(as in Algorithm [I]).

The loop in lines 8-14 is performed w(L) times (as in Algorithm [I]).

The cost of checking the condition in line 9 is |[M] if A is a trie.

The cost of line 10 is | M| since it consists in adding a pair of size M to <.

The cost of line 11 is |M| because it consists in updating an element in a

trie.

8. As for line 12, it consists in removing an element from a set. If this set is
also implemented with a trie, then the cost is also |M].

bt

N oot



172 J. Baixeries et al.

We condense the costs of lines 9, 10, 11 and 12 into |M| and, therefore, the
total cost of this algorithm is:

(Clx M|+ || x(w(L) x M| +w(L)x |M] )
N~ “ ~ ~ P TV T
line: 1-2 6-16 7 8§-14 9-12

Since the cost of line 7 (w(L£) x |M]) subsumes the cost of lines 8-14 and 9-12
(it is just the same), and since the factor in lines 1-2 is subsumed by the rest of
the formula, the complexity of Algorithm [2]is finally of order:

[C| xw(£) x [M]

Compared with the complexity of BorderAlg, we can see that the factor
|M|? is now |M|, which means that we should expect an improvement of the
performance of the algorithm by a factor linear on the size of the attribute set.

4.3 Running Example

Let us see how the algorithm would perform according to Figure [l We list the
following variables:

The element currently being processed (line 6).

The candidate set (line 7).

The output <. (line 10).

The accumulation of faces, only for those that are changed (line 11).
The border (line 12).

Gl e

At the beginning of the algorithm, the elements of the input set are sorted
sizewise, let us assume that one of the possible orderings is:

{0,¢,d,a,bc,cd, de, abe, bed, ade, cde }

All the accumulation of faces are set to the empty set (lines 2 - 4) and Border
has the first element of the sorted input sequence, this is . We now list how the
precedent sets change according to each loop in the algorithm.

1 Current element := ¢ 7 Current element := abc
Candidate set :== {0} Candidate set := {0, a,c,bc}

<r: added (0, ¢) <r: added (a,abe), (be, abe)
Al =e¢ Ala) := be, Albe] = a
Border :={c} Border := { cd, de, abc }

2 Current element := d 8 Current element := bcd
Candidate set :== {() } Candidate set := {0,d,bc,cd }
<r: added (0,d) <r: added (be, bed), (cd, bed)
All] = cd Albe] = ad,Aled] = b
Border :={¢,d } Border := { de, abc, bed }
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3 Current element :=a 9 Current element := ade
Candidate set := {0} Candidate set := {0, a,d,de }
<c: added (0, a) <r: added (a, ade), (de, ade)
A[D] = acd Ala] = bede,Alde] = a
Border :={a,c,d} Border := { abe, bed, ade }

4 Current element := bc 9 Current element := cde
Candidate set := {0,c} Candidate set := {0, ¢, cd, de }
<c: added (¢, be), <c: added (cd, cde), (de, cde)
Al =1b Aled] = be,Alde] = ac
Border :={ a,bc,d } Border := { abe, bed, ade, cde }

5 Current element := cd 10 Current element := abcde

Candidate set := {0,c,d}  Candidate set := { abe, bed, ade, cde }
<c: added (¢, ed), (d, cd) <c: added (abc, abede),(bed, abede)
Ale] :=bd, Ald] := ¢ (ade, abcde),(cde, abede)
Border :={ a,bc, cd } Alabc] = de,Albed] = ae
Alade] = be,Alede] = ab
6 Current element := {d,e}  Border := { abede }
Candidate set := {0,d }
<c: added (d, de)
Ald] := ce
Border := { a, bc, cd, de }

As an example, let us see what happens in step 7. We add the element abc. The
Candidate set is { 0, a, ¢, be }, which results from the intersection with the Border
set, which is { a, bc, ed, de }. We point out the fact that the Candidate set contains
the upper set of abc in the lattice £. The accumulated faces of the elements of the
Candidate set are then tested one by one with abc (line 9). The first intersection
is with the accumulated face of (), which is acd according to its last update
in loop 3. Since the intersection is not void, then, @) is not considered as an
immediate predecessor of abe. As it has been previously explained, the reason is
that the pairs (0, a) and (0, bc) have already been added to <, and, therefore,
the differences between those sets and ) is in A%. The next element to be checked
is the accumulated faces of a, which is void and, hence, the intersection is also
void. It means that abc < a, and the following operations are performed in
lines 10-12: the pair (a, abc) is added to <., and a is removed from the Border
set. The accumulated faces of a is updated accordingly, and we have now that
Ala] := be. We now check the intersection of accumulated faces of the next
element, this is elementA[c], which is bd, and abe. The intersection is not void,
and therefore, c is not a predecessor of abc. The reason is that the element bc has
already been processed and A[c] contains, at least, the attribute b, meaning that
c is the predecessor of an element that is contained by abc. The final checking is
between A[bc], which is empty, and abe. The intersection is obviously void, and
the algorithm adds (be, abe) to <, deletes be from the border and updates A[bc]|
which now is a.
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Table 1. Top: database characteristics. Bottom: response times of iPred.

database # records # non-empty # attributes largest

name attributes (in average) attribute
T20I6D100K 100,000 893 20 1,000
T25I10D10K 10,000 929 25 1,000
chess 3,196 75 37 75
connect 67,557 129 43 129
pumsb 49,046 2,113 74 7,116
MUSHROOMS 8,416 119 23 128
C20D10K 10,000 192 20 385
C73D10K 10,000 1,592 73 2,177
min supp # concepts BorderAlg iPred min supp # concepts BorderAlg iPred
(including top) (including top)
T2016D100K pumsb
0.75% 4,711 2.29 2.07 84% 11,443 614.85 57.80
0.50% 26,209 74.92 51.88 82% 19,942 2,043.31 173.31
0.25% 149,218 2,930.29 1,941.07 80% 33,296 6,270.42 471.66
T25110D10K MUSHROOMS
0.40% 83,063 978.58 707.75 20% 1,169 0.71 0.17
0.30% 122,582 2,207.86 1,763.42 10% 4,850 7.31 1.31
0.20% 184,301 5,155.20 4,740.87 5% 12,789 53.35 7.87
chess C20D10K
65% 49,241 974.23 87.60 0.60% 119,734 10,847.59 993.29
60% 98,393 4,320.81 374.26 0.50% 132,952 13,784.71 1,328.33
55% 192,864 21,550.23 1,905.60 0.40% 151,394 19,013.53 1,858.34
connect C73D10K
65% 49,707 1,331.96 78.15 70% 19,501 414.94 37.29
60% 68,350 2,634.35 140.50 65% 47,491 2,864.02 226.80
55% 94,917 5,349.14 262.15 60% 108,428 18,323.78 1,296.40

5 Experimental Results

The original BorderAlg and the improved iPred algorithms were implemented
in Java in the CORON data mining platform [15]E The experiments were carried
out on a bi-processor Intel Quad Core Xeon 2.33 GHz machine with 4 GB RAM
running under Ubuntu GNU/Linux. All times reported are real, wall clock times.

For the experiments, we used several real and synthetic dataset benchmarks.
Database characteristics are shown in Table [ (top). The chess and connect
datasets are derived from their respective game steps. The MUSHROOMS database
describes mushrooms characteristics. These three datasets can be found in the
UC Irvine Machine Learning Database Repository. The pumsb, C20D10K, and
C73D10K datasets contain census data from the PUMS sample file. The synthetic
datasets T20I16D100K and T25I110D10K, using the IBM Almaden generator, are
constructed according to the properties of market basket data.

Table [I (bottom left and right) provides a summary of the experimental re-
sults. The first column specifies the various minimum support values for each of
the datasets (low for the sparse dataset, higher for dense ones), while the second
column comprises the number of FCIs. The third and fourth columns compare
the execution times of BorderAlg and iPred (given in seconds). The CPU
time does not include the cost of computing FClIs since it is assumed as given.

!ttp://coron.loria.fr
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As can be seen, the improved algorithm outperforms the original BorderAlg
algorithm in all cases. In the case of sparse datasets (T20 and T25), the differ-
ence is not that spectacular. However, in the case of dense datasets, there is a
significant difference between the two algorithms, especially at lower minimum
support thresholds. This is due to the fact that iPred reduces the complexity of
BorderAlg by a factor linear on the size of the attribute set (see Section .2]).
The experimental results prove that the practical performance of iPred reflects
its better theoretical complexity.

6 Conclusion

We presented a novel method for computing the precedence order among con-
cepts that only manipulates their intents and is therefore suitable for data mining
applications. The method explores the basic fact that the faces of all lower covers
of a given concept in the Hasse diagram are pair-wise disjoint. Hence, the incre-
mental incorporation of concepts into the current diagram could be organized
as a set of gradually unfolding lower-cover list completions. A completion step
is executed upon the incorporation of a new intent into the diagram and boils
down to testing its disjointness with the already recognized faces.

The new method has been shown to outperform the reference one both on
its worst-case complexity (smaller by a multiplicative factor) and practical per-
formances (speedup from 30 to 3 000 %, depending on dataset profile). The
advantages of the new method are only starting to unravel as no particular
speedup techniques have been employed in the current implementation. Thus,
the next step would be to study the benefits of indexing on the border set to
avoid unnecessary intersections with the current intent.

Another promising track seems to reside in the batch processing of the levels in
the diagram, i.e., the set of intents of identical size. Another intriguing question
is the performance of a modern FCI miner, such as Charm or Closet, completed
with our method.
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Complexity of the Border Algorithm

analyze now the complexity of Algorithm [Il which is based on the following

costs:

1.

The sizewise sorting of the input set (line 1). This can be done in linear
time w.r.t. the size of the set: |C | x | M|, since we can first scan the list and
compute the amount of elements for each size, allocate the corresponding
slot memory, and in a second scan, we can store each element according to
its size.

The number of loops in lines 3-8 depends on the amount of elements to be
processed, which is the size of the input set: |C |.
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3. The cost of computing the Clandidate set depends on the size of the border,
since each element of £ will be intersected with that set (line 4). This size
is, in the worst of the cases, the width of the lattice, and each intersection,
in the worst case, can be done in time linear on |M|. The total cost for
computing the Candidate set is w(L) x |M]|.

4. The computation of the maxima of the set resulting from the intersection,
this is, the Cover set in line 5,A[bc] = a is performed in | M| x w(L) x d(L).
Details of this function and its cost can be found in [I7].

5. The update of <, with the new connections in line 6 depends on the maximal
number of connections that any element may have, which is the maximal
degree: d(L).

6. The update of the border in line 7 can be neglected since it only consists in
adding a pair in a set.

The total complexity of this algorithm is, therefore:

Clx M|+ |C]| x(w([,) s |M| + |M| x w(L) x d(L) +d(£))
N~ Y =~ ~ ~ PN ~ N
line: 1 3-8 4 5 6

Some factors are subsumed by others: the cost of computing the Candidate
set w(L) x |M| in line 4 and the cost d(L) of updating <, in line 6 are both
subsumed by the factor |M| X w(L£) X d(£) in line 5, and the additive factor
|C| x |M]| in line 1 is also subsumed by the rest of the formula. Therefore, we
have that the final complexity is:

1C| % w(L) x |M] x d(L)

Since in the worst of the cases we have that d(£) = |M|, then, we have:

1C] % w(L) x | M2
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Abstract. The article introduces a representation of a formal context by
an undirected graph called a context graph with the formal objects being
the nodes of the graph. We use as a defining property for this graph that
it contains every concept extent as a connected subgraph. The graph is
not uniquely defined by this property — we focus on those graphs that
are edge-minimal and present a result with respect to the number of
their edges. We then study how the structure of an edge-minimal con-
text graph can be updated to adjust to the subsequent addition of an
object to the context. This leads to an incremental construction algo-
rithm that does not require the explicit computation of formal concepts.

Keywords: Context Graphs, Formal Concept Analysis, Graph Theory,
Information Retrieval, Navigation.

1 Introduction

Overview. A context graph is a structural representation of a formal context
that can be seen as an analog of a concept lattice. The basic elements of this
model are not formal concepts, but the objects of the context themselves. The
correspondence between the two models is quite natural, as the edges of the
graph provide a structure that allows the identification of formal concepts in
the context graph. The subconcept relation on concept lattices carries over to
a subgraph relation on context graphs. The model produced by this approach
could be considered a map in some semantic space, where similarity of objects in
the concept lattice corresponds to proximity of their nodes in the context graph.

In Sect. Bl we motivate context graphs by their potential use in information
retrieval (IR). The focus of this paper is, however, a thorough theoretical under-
pinning of this model. To this end, the characterization of a context graph by
compliant paths (Sect. [Z3]) establishes a graph theoretical framework in which
context graphs can be described and analyzed without explicit reference to the
theory of lattices. On this basis, we can then develop an algorithm which al-
lows the generation of (edge-minimal) context graphs without falling back on
the computation of formal concepts and compare its complexity with algorithms
for lattice generation.

We will start by giving a short account of the mathematical background and
notations that we are going to utilize.
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Formal Concept Analysis (FCA). The theory of Formal Concept Analysis|[I]
provides a mathematical framework for the analysis, structuring and/or visual-
ization of the kind of data that is shown in Fig.[Il We have objects (here animals
and plants) and binary attributes. A further example is shown in Fig. 2
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F o890 3888 x
w=%g 228 .E23
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Leech X X X
Bream X X X X
Frog X X X X X
Dog X X X X X
Spike-weed X X X X
Reed X X X X X
Bean X X X X
Maize X X X X

Fig. 1. Formal Context: Living Beings and Water (source from [I])

Each table can be formally expressed as a formal context: a triple (G, M, )
consisting of a set G of objects, a set M of attributes, and a relation I C G x M.
The elements (g,m) € I correspond to the crosses in the table.

For an object g € G, we define the set of its attributes by

att(g) :={me M| (g,m) eI} . (1)

We can extend the definition to sets of objects. For a set A C G, the attributes
shared by all g € A are collected in the set

att(A) := [ att(g) . (2)

geA

For a set B C M, those objects that have all attributes m € B are collected in
the set
obj(B) i= {g € G| B C att(g)} . (3)
Consider a set B C M. The attributes in B can be seen as a description of
the subset obj(B) of G. The set att(obj(B)) contains all attributes in B plus
those attributes that come along with the attributes in B (i.e., every object of
the context that is described by B has all attributes in att(obj(B))). Therefore,
att(obj(B)) is another (complete) description of obj(B):

obj(att(obj(B))) = obj(B) . (4)
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Tea Ladies 1 2345678 91011121314
Evelyn X X X X X X XX

Laura X X X X X X X

Theresa X X X X X X X X

Brenda X X X X X X X

Charlotte X X X X

Frances X X X X

Eleanor X X X X

Pearl X X X

Ruth X X X X

Verne X X X X
Myra X X X X
Katherine X X X X X X
Sylvia X X X X X X X
Nora X X X X X X X X
Helen X X X X X
Dorothy X X

Olivia x %

Flora X X

Fig. 2. Formal Context: Tea Ladies (sourced from [2], original [3]). A cross in the table
indicates that a lady attended one of 14 tea parties.

A formal concept is a pair (A, B) with A C G, BC M, A= o0bj(B) and B =
att(A). Every formal concept can be represented as a pair (obj(B), att(obj(B))):

(4, B) = (obj(B), att(A)) = (obj(B), att(obj(B))) . ()

Conversely, it follows from ([]) that every pair (obj(B), att(obj(B))) is a formal
concept. The sets A and B are called the extent and the intent of the formal
concept, respectively.

Now consider a set A C G of objects. The set obj(att(A)) contains all objects
in A plus further objects that are “like those in A” in that they have all attributes
shared by the objects of A. We can see analogously that the formal concepts are
exactly the pairs (obj(att(A)),att(A)) with A C G.

The concepts can be ordered by a subconcept relation: Given two concepts
(A, B) and (C, D), we call (A4, B) a subconcept of (C, D) if A C C or, equivalently,
if B D D. The set of formal concepts, together with the subconcept relation, is
called a concept lattice and can be depicted by a line diagram. See Fig. [ for the
concept lattice of the ‘Living Beings and Water’ context.

Graph Theory. In this section we provide some graph theoretical terminology.
An undirected graph is a pair G = (Ng, E¢) consisting of a set Ng of nodes and
a set Fg of edges, which are two-element subsets of Ng. The induced subgraph
on a set S C Ng is the graph G[S] = (S, E¢ N'P(S)), where P(S) denotes the
power set of S. A graph G is called edge-minimal with respect to some property
of graphs if the property is satisfied by G but not by any of the graphs (Ng, E)
with £ C Eg.
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suckles its
offspring
d e

dog

Fig. 3. Concept Lattice: Living Beings and Water (sourced from [I])

A walk from x € Ng to y € Ng is a sequence of nodes (z1,...,x,) with
x =ux,y = 2, and {x;, 2,41} € Eg for 1 < i < n. The walk is called a
path from z to y if no two nodes are identical, except possibly the first and
the last one. A path where the first and the last nodes are identical is called
a circle. A graph is connected if there is a path from x to y for all z,y € Ng.
A connected induced subgraph G[S] is called a component of G if there is no
connected induced subgraph G[T] with S C T

2 Context Graphs

2.1 Definition

Definition 1 (Context Graph). A context graph of a formal context (G, M, I)
is a triple (G, E, f) such that

(CG1) (G, FE) is an undirected graph,

(CG2) f: G — P(M) is a labeling function with f(g) = att(g) for all nodes
g€G,

(CG3) For all B C M, the subgraph induced on (G,E) by {g € G| B C f(9)}
is connected.

A few remarks on the definition:

1. First of all, we will not formally distinguish between a context graph and
the undirected graph in (CG1) where the subject of consideration does not
require this. In particular, we will use all terminology from Sect. [l for context
graphs alike.

2. The sets {g € G | B C f(g)} are precisely the concept extents of (G, M, I)
(cf. @) and (@)). We can replace (CG3) by the following equivalent condition
(using K := (G, E, f) to denote the context graph):

(CG3’) The subgraph K[A] is connected for every concept extent A of
(G, M, I).
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The conditions (CG2) and (CG3’) can be used to check if a context graph is
correctly implemented (i.e., that a search on the graph returns the correct
result set for every query B), provided that the concept extents are available.

3. The context graph of a given context is not unique. Adding any number of
edges to a given context graph will result in another context graph of the
same context, as (CG3) will still hold. The fully connected graph on a set G
is a trivial context graph of any context (G, M, I), provided that the labeling
function f is defined according to (CG2).

Figure[ shows an edge-minimal context graph for the ‘Living Beings and Water’
context (cf. Figs. [l and [3)).

Spike-Weed
abdf
Dog
acghi
i
C
Reed |b Maize
: gh b acdf
Frog ]
— f
abcgh
c ch
e
Bream _Bean
abgh ﬂ acde
abhg

Fig. 4. Context Graph: Living Beings and Water

2.2 A Theorem on Minimality

Theorem 2. Let K := (G, M, I) be a formal context. For every formal concept
(A, B) there is a number tx(A) such that every minimal context graph of K has
exactly tx (A) edges {z,y} with f(x)N f(y) = B.

Proof. 1. Let K be a context graph of (G, M, I). For a given concept (4, B),
consider the graph

cA) =4 | Exx) - (6)

(X,Y)<(A,B)

If C(A) has ¢ > 1 components, then there must be at least tgx(A) :=c—1
further edges in Ex4) \ Ec(a) that run between these components, since
K[A] is connected.
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2. Let z,y € A. There is a path from z to y in C(A) iff there are extents
Xq1,..., X, CAWithQJEXl,yEXn andXiﬂXiH ;A(Z)fori: 1,...,n—1.
Thus the components of C'(A) depend on the concept extents, but not on
the edges in K. In particular, tx(A) is the same for all context graphs of K.

3. We show that Exa) \ Ec(ay = {{z,y} € Ex | f(x)N f(y) = B}. If {z,y} €
Exa) \ Ec(ay, then {z,y} ¢ Ex(x) for all concepts (X,Y) < (A, B). This
means (A, B) is the smallest concept that contains {z,y}, and therefore
f(x)N f(y) = att({z,y}) = B. The converse implication follows by the same
argument.

4. Now suppose the ¢ components are connected to each other by ¢ or more
edges. Then the components are connected to each other as a tree by ¢ —1 of
these edges already. That is, if we remove one of the other edges of E4) \
Ec(a), then K[A] will still be connected. Suppose there is an extent D such
that K[D] is not connected after the edge is removed. We can choose D to be
minimal with respect to this property, i.e. K[X] is connected for all extents
X C D. Then the edge was removed from Egp)\ Ec(py and we obtain from
Bl that D = A, contradiction! We conclude that (CG3’) still holds after the
edge is removed, so K was not minimal. O

2.3 Paths in a Context Graph
A path (z1,...,z,) in a context graph is called

— compliant, if f(x1)N f(xn) C f(z;) fori=1,...,n,
— nonincreasing, if f(xz;) N f(zn) C f(zig1) N f(zy) fori=1,...,n—1.

Every nonincreasing path is also compliant.

Lemma 3. Let K be a triple (G, E, f) such that (CG1) and (CG2) hold with
respect to a given context (G, M,I). The following statements are equivalent:

1. K is a context graph.

2. K|[A] is connected for every concept extent A of (G, M, I).
3. For all z,y € G there is a compliant path from x to y.

4. For all x,y € G there is a nonincreasing path from x to y.

Proof. We have already seen that ‘{Il<@Pl” and ‘Bl<d4l” hold.

[M<Bl: We observe that a path from x to y is compliant iff it lies in obj(f(x)N
f(y)). Such a path would connect z and y in every subgraph K[obj(B)] that
contains both x and y, since B C f(z)Nf(y) C f(z) holds for every z on the path.
Hence we have that ‘Bl={I1". Conversely, if (CG3) holds then K [obj(f(xz)Nf(y))]
is connected and we have a compliant path from z to y.

Bl=M: Let z,y € G. By assumption there exists a compliant path p; :=
(x1,...,2n) with 21 = = and z, = y. Let 21 := z1. Then f(21) N f(y) C
f(zi)N f(y) holds for all 4 = 1,...,n. Either all sets f(z;)N f(y) are equal and p;
is nonincreasing, or there is a smallest index 4 such that f(z1)Nf(y) C f(x:)Nf(y)
and we set x; =: z9.
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By hypothesis there exists a compliant path pg := (29,...,y). As with p;, we
either have that ps is nonincreasing or we obtain ps := (z3,...,¥), and so on.
Because the sequence f(z1)Nf(y) C f(z2)Nf(y) C ... is bounded by f(y), which
is finite, there must eventually be a k € N such that pj is nonincreasing. We
obtain a nonincreasing path from z; to y by concatenating the initial segments
(2iy. .., 2i41) of the paths p;, where i < k and zp41 :=y. a

3 Incremental Context Changes

In this section we will examine how a new object can be integrated into an exist-
ing minimal context graph. The question is therefore, given a minimal context
graph K of a context (G, M, I) and another context (G*, M, IT) with

Gt =Gu{g} forsomeg¢G , (7)
[=I"N(Gx M), ®)

how can a minimal context graph of (G*, M, IT) be obtained from K?
Let us first introduce an equivalence relation on the set G of objects:

x~gye f(x)n flg) = fly)n flg) . 9)

The class of an object x € G will be denoted by [z],, and the following defines
a partial order on the set of classes:

[z]g < [yl := f(2) N f9) 2 Fly) N Flg) - (10)

3.1 Connecting a New Object
Theorem 4. Let [z1]g, ..., [zn]y be the minimal classes w.r.t. the order in (I0).

1. We obtain a context graph of (G, M, I'") if we add the edges {g, x1}, - . ., {g, Tn}
to the edge set of K .

2. Let K™ be a context graph of (G, M, IT). Foralli =1,...,n, thereis an edge
{9, i} of KT withy; € [xi],.

Proof. 1. We will show that there is a compliant path between all z,y € GT.
For z,y € G there is a compliant path in K already. Otherwise, without
loss of generality (WLOG) we have z = g and y € G. There exist an edge
{g,z} such that [z], < [y]; and a compliant path (z,...,y). From [z], <
[yl we obtain that f(g) N f(y) C f(z), and we can further conclude that
flo)n fly) € f(z)N f(y) € f(w) for all w on the path (z,...,y). That
means (g, z,...,y) is a compliant path from g to y.

2. Leti € {1,...,n}. Since K™ is a context graph, there must be a nonincreas-
ing path (z;,..., ¥y, g) from z; to g. Then {g, y;} is an edge with [y;|4 = [zi]4.

]
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3.2 Restoring Minimality

Lemma 5. Let (G, E) be a context graph and k = {x,y} € E. If there is a
compliant path (z,...,y) # (x,y), then (G, E\ {k}) is also a context graph.

We call a compliant path (z1,...,z,) a g-step if [z1]y > [2,]y and [z1]4 = [zi]4
for all ¢ = 1,...,n — 1. Lemma [0 phrases a connection between g-steps and

redundant edges in accordance with what we need in Sect.

Lemma 6. Let {x,y} be an edge of a context graph (G, E1) of (GT, M, I"). If
we have [x]g, [ylg > [glg, and if g lies on every compliant path (z,...,y) # (z,v),
then the following statements are equivalent:

1. (GT,ET"\ {{z,y}}) is a context graph.
2. We have f(x)N f(y) C f(g), and there exist two g-steps (x,x2,...,xx) and
(Y, Y2, -+, ye) with o #y and y2 # .

Proof. M=2: If (G*, ET\{{x,y}}) is a context graph, there must be a compliant
path (z,...,y). By the assumption, g lies on the path and therefore f(z)Nf(y) C
f(g). Moreover, for all z on the path we have f(x)N f(g) = f(z)N f(y)N f(g) C
f(z)N f(g), which can be written as [z], > [z],. Because of [z], > [g]4, the path
has an initial segment (x, z3, ..., zx) which is a g-step with zo # y. By analogy,
we see that there is also a g-step (y,y2, ..., ye) with yo # x.

2l={Il: The g-steps can be continued into nonincreasing paths (z1,. . ., Zm—1, 9)
and (y1,...,Yn—1,9), where x = x1, y = y1, m > k and n > £. The two paths
can be combined into a walk p = (21, ..., %Tm-1,9, Yn—1,---,y1). We can see that
if p is a path, then p is also compliant: f(z) N f(y) C f(x) N f(g) C f(x;) holds
for all i =1,...,m, and similarly f(z) N f(y) € f(y;) forall j=1,...,n.

Now if p was not a path, there would be a smallest index ¢ such that z; = y;
holds for some j. Then p := (x1,...,Zi—1,Yj,...,%1) would be a compliant path
without g. Moreover p # (x,y), which follows from xo # y (if j = 1) or yo # z (if
j # 1). This would contradict our precondition. So p is a path and by Lemma [5]
(Gt ET\ {{z,y}}) is a context graph. 0

4 Algorithm

In this section we present an incremental construction algorithm for context
graphs that is based on Theorem HI and Lemma [6l Every time a new object g
is to be added, the existing context graph is traversed three times. During the
first traversal, the ~g-classes [x], and [y, are compared for each edge {x,y} of
the graph, and the result of that comparison (greater, less, equal, incomparable)
is stored as a label of that edge (Sect. ELT]). In the second and third traversal, the
edge labels are used to connect g to the graph and to remove redundant edges,
respectively (Sects. and [3). In Sect. [£4] we will address the complexity of
the overall algorithm.
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4.1 Step 1: Computing Edge Labels

The computation of the edge labels is triggered by calling the function
procNode() in Fig. Bl on an arbitrary node x of the graph (passing g as a sec-
ond parameter). Starting in x, the graph will be traversed by recursively calling
procNode(y, g) for all neighbors y of the current node = (lines 2+5). The vari-
able state(x) initially has the value ‘new’, and it is set to ‘entered’ when x is
entered for the first time (line 1). The value is set to ‘finished” when the node
is completely processed (line 7). The variable state(y) in line 3 holds the value
‘entered’ iff, during the traversal of the graph, y has been entered before x. This
way, the label of each edge is computed exactly once (lines 3+4).

procNode (x,g)

1 state(x) :=‘entered’;

2 for all y € neighbors(y)

3 if ( state(y)=‘entered’ )
4 computeLabel () ;

5 else if( state(x)=‘new’ )
6 procNode(y,g) ;

7 state(x) :=‘finished’;

Fig. 5. Step 1: Computing Edge Labels

The function computeLabel() is not given explicitly. The computation could
be achieved by testing for f(2)Nf(g) € f(y)Nf(g) and f(y)Nf(g) C f(z)Nf(9),
assigning an edge label based on the four possible outcomes. We will assume
that the edge labels can then be accessed by a function label(x,y), that returns
a symbolical representation as follows:

! if [z]g > [ylg
)= if [z]g = [ylg
label(x,y) :== | if (2], < [o], (11)
% otherwise .

Note that the edge labels are only used for the purpose of adapting the context
graph to a new object g and are not required afterwards.

We will use the “Tea Ladies” context from Fig. [ to illustrate the steps of our
algorithm. Figure [6] shows a minimal context graph of the formal context that is
obtained from the one in Fig. 2 by removing the row for “Theresa”. That is, if
we add the object “Theresa” following the three steps of our algorithm, we will
obtain a minimal context graph for the “Tea Ladies” example. As the result of
the first step, we obtain edge labels as shown in Fig.

4.2 Step 2: Connecting the Object

By Theorem El we have to connect g to exactly one object taken from each
minimal ~4-class. Let « be an object in the graph. If there exists a g-step starting
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Frances

Laura

Charlotte

Brenda
b,

Eleanor ,’—

Flora
Olivia

Fig. 6. Context graph for the ‘Tea Ladies’ context before adding ‘Theresa’ as the last
object. Objects of minimal classes [z]y, where g =‘Theresa’, have been shaded. An
edge is directed from z to y if label(z,y) =]’. Edges with property (2] have been
highlighted.

in z, then obviously [z], is not minimal. To see that the converse is also true,
consider that by Lemma there will be a nonincreasing path (z,...,y,g) in
the graph that we are going to construct (and we know that this graph exists).
Furthermore, [y, is minimal and [x], is assumed to be not, so we have [z], > [y],
and the path starts with some g-step that is also contained in the current graph.
To sum up, [z], is not minimal iff there is some g-step starting in x.

A g-step can be identified using the label() function defined in Sect. [LTt A g-
step is a path (z1,...,x,) with label(x,—1,x,) =‘|’, and label(z;, x;41) ==’ for
i <n — 1. An algorithm for connecting the new object might work like this: We
start in an arbitrary node of the graph and recursively follow all edges labeled
by ‘=’. In every node, we check the labels of all outgoing edges and remember
if any is labeled by ‘|’, but do nothing else. If we are back in the starting node
and there was no |-edge, the starting node is connected with g. We repeat this
with a new starting node as long as the graph contains unvisited nodes.

Executing Step 2 on our context graph from Fig. [f] gives us the five minimal
elements “Laura”, “Brenda”, “Ruth”, “Evelyn” and “Nora”, which are all in
their own equivalence class. At this point, we create a new node for the object
Theresa” and connect it to these nodes.

4.3 Step 3: Removing Edges

Assumptions. An edge {z,y} in a context graph can be removed iff  and y
are connected by a compliant path other than (x,y) (Lemma[H). As a result of
the previous step, the end nodes of an edge {z,y} may have become connected
by a new compliant path through g. Assume that the context graph was minimal
before g was added. Then there is no compliant path from x to y that does not
contain g. This amounts to one of the prerequisites in Lemma

The other prerequisite, namely [z]g, [y]g > [g]4, does not generally hold. How-
ever, if it does not hold then WLOG we have [z], = [g]4, which means that [z],
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is the unique minimal class with respect to the order in ({I)). Then g has only
one neighbor and can not lie on a path between x,y # g. So in this case, Step 3
can be skipped because the context graph is already minimal.

Conditions for Removal. To sum up, we can remove an edge {z,y} of the
graph iff there are g-steps (z, x2,...,x), x2 # y, and (Y, Y2, ..., Ye), Y2 7 &, and

fx)n fy) € f(g) (12)

also holds. By Lemma B4l g-steps starting in = and y do always exist (provided
that [z]4, [ylg > [9]g). The crucial point is that 2o # y and ys # x hold, because
this means that the g-steps can be continued into different paths to g. This is
necessarily the case whenever label(x,y) =‘%’. Similarly, if label(x,y) =]’, we
don’t need to check that yo # . Only for an edge with label(z,y) ==, the test
can not be further simplified. The three cases are illustrated in Fig. [7l

R

Fig. 7. Patterns indicating that {z,y} is a candidate for removal

We could now use the algorithm described in the following section to remove
redundant edges from the graph in Fig. [6l However, this case is simple if we
have a look at the ten highlighted edges in Fig. [6f The right pattern in Fig. [1
obviously matches the four edges labeled with ’3’, so these edges can be removed.
The other patterns do not match. To sum up, five edges have been added, four
removed and we obtain the context graph for the “Tea Ladies” context.

Implementation. The function minimize() in Fig. [§ shows how the idea can
be implemented. It is instructive to first consider the hypothetical case that
no edges with label ‘=" occur in the graph. As you can guess from Fig. [1 the
algorithm could be simplified considerably. Those lines in Fig.[8 that are marked
with an asterisk can be left out in this case, and we assume that minimize() is
a nonrecursive function that is called separately for every node x.

For every node x, we check the labels of all outgoing edges {z,y} (line 3).
If label(z,y) =‘%’ and the edge satisfies (I2)), then the edge can be removed
immediately (lines 7-9). We only need to check for ([I2)) if the other node has
not been processed already (line 8). The case label(x,y) =]’ requires a bit more
effort. We can remove all edges with label(x,y) =]’ and (I2)) as long as one edge
with label(z,y) =]’ remains (cf. Fig. [[] middle).

We use the local variable exit to keep track of the edges with label(z,y) =] .
The variable is initialized with 0, which signifies that no |-edges have been found



Context Graphs — Representing Formal Concepts by Connected Subgraphs 189

minimize(x,g)

1 state(x) := ‘entered’;
2 exit := 0;
3 forall y € neighbors(x)

4% if (label(x,y) = ‘1°)

5x if (- state(y)=‘entered’)

6% minimize(y,g);

7 else if(label(x,y) = ‘%x’)

8 if (- state(y)=‘entered’ A f(x) N £f(y) C £(g))
9 remove {x,y};

10% else if(label(x,y) = ‘=2 A £(x) N £(y) C £(g))
11% if (minimize(y,g) # 0)

12% remove {x,y};

13 else

14 if (label(x,y) = ‘|?)

15 if(£(x) N £(y) C £(g)

16 outedge = {x,y};

17 else

18 outedge = [J;

19% else

20% if (- state(y)=‘entered’)

21% outedge = minimize(y,g);

22 exit=evaluate(exit,outedge);

23%* return exit;

Fig. 8. Step 3: Removing Edges

exit outedge exit remove

0 0 0 -
0 k k -
0 ] (] -
k 0 k -
k ko k ko
k ] (] k
g 0 (] -
g k 0 k
g ] (] -

Fig. 9. Specification of the evaluate() function

so far. The variable will be assigned the value [J as soon as we find a |-edge which
doesn’t satisfy ([I2)); this will signify that all subsequent |-edges that do satisfy
(@2 can be removed. If we find a |-edge with (I2)) and we have exit+# [, then
the edge itself will be assigned to exit so we can remove it later. Figure [ shows
how the value of exit is updated when a new |-edge is found, where the value of
outedge is assigned as in lines 14-18. It also shows which edges can be removed
in the same process. The function evaluate() implements the table in Fig. [0
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b

including the removal of edges (line 22). Note that in the case label(x,y) =1
nothing needs to be done, because the edge is dealt with when y is processed.

Now let us include lines 19-21 and 23. Line 19 is executed whenever there is
an =-edge for which ([I2)) does not hold. Assume that the case in line 10 does
not occur. What has changed is that we now recursively follow along paths of
=-edges and return any |-edges that we find to the calling instance (line 23).
If a |-edge can be reached from x via a path of =-edges, we will treat it as
if it were directly connected to x (line 21). It is now possible that outedge=0;
Fig. @ shows that the function evaluate() does nothing in this case, as we would
expect.

We can also include lines 4-6. This does not interfere with the current com-
putation because subsequently, only T-edges and =-edges are followed (and the
return value of minimize(y, g) will also be ignored). We will now assume that
we call minimize(zx, g) only once for = g, assuming that we have correctly set
label(g, z) =7 for all neighbors z of g. From every node of the graph there is a
nonincreasing path to g, so conversely this means that every node of the graph
is reached by minimize(g, g).

Finally, we include lines 10-12. If a =-edge {z,y} satisfies ([I2)), every path
between = and y consisting of =-edges is a compliant path. So by our assump-
tions there is no path of =-edges from x to y other than (z,y). This means
that we can treat the nodes on both sides of the edge separately and remove
{z, y} iff the situation depicted in Fig.[7 (left) occurs. This can be decided after
minimize(y, g) returns in line 11: There is at least one |-edge on the side of x
because we have come from g, and whether or not there is a |-edge on the side
of y will be returned by the exit parameter.

4.4 Complexity

We can obtain the time complexity of our construction algorithm from the pseu-
docode in Figs. Bl and Bl G, M, E and L denote the sets of objects, attributes,
edges and concepts, respectively. We analyze each step separately.

Step 1: The code inside the for-loop is executed twice for every edge {z,y} of
the graph, once each for the processing of « and y. The function compute Label()
computes f(z) N f(g) € f(y) N f(g) and f(y) N f(g) € f(z) N f(g), which can
be done in O(|M|). So we have a total complexity of O(|E| - |M]) for Step 1.

Step 2: This step involves only a traversal of the graph. All operations are
constant time, resulting in O(|E|) for this step.

Step 3: As in Step 1, the for-loop is executed O(|E|) times. All operations are
constant time, except f(z) N f(y) C f(g), which takes O(|M]) time.

In order to construct a context graph from a formal context, the three steps
have to be executed once for each object in G. The time complexity of the overall
algorithm is therefore O(|G|-|E|-|M|). An overview of lattice construction algo-
rithms is given in [4]. The paper gives O(|G|-|L|- (|G| + |M]|)) as the best known
worst case complexity of a lattice construction algorithm. It seems reasonable to
assume that |E| = O(]L|) as we had |E| < |L| for the contexts we examined so
far, but we have no proof of this.
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5 Applications

FCA has been applied to a wide variety of problem domains, including informa-
tion retrieval [5l6], ontology construction from RDF descriptions [7], behavioural
genetics [§], and software reuse [9]. Here we focus on IR, where the objects G are
typically text documents, and the attributes M are the terms that occur in them.
The number of terms used is usually restricted via some selection criterion, such
as a threshold based on the frequency-based weights used in traditional IR [10].
The query process corresponds to finding the concept (and its neighbors) that
contains the query, where the query is treated as a new object.

It has long been known that it is difficult for a user to formulate an effec-
tive query for a large corpus of objects when he/she is unfamiliar with its con-
tents [I1]. Fixed, pre-computed indices are also often unsatisfactory, providing
very limited ways of exploring the corpus [I2]. Graph or lattice-based corpus
models provide a possible solution to this query formulation problem: they facil-
itate navigational search, which may be thought of as a combination of querying
and browsing. Users can navigate the model by following edges. This is a form
of browsing, but it is directed (hence navigational), as edge labels provide in-
formation about attributes that are added or removed from the (implicit) query
when the edge is followed. The very large number of possible paths through
the structure enables much more flexible browsing than is possible via linear
indices.

The context graph provides a structure that can support navigational search.
For small contexts, such as that shown in Fig. 4] the context graph may be used
directly to visualize all or part of the context. Edge labels aid navigation. For
example, a user viewing the node ‘Frog’ can see that traversing the edge towards
node ‘Reed’ will add attributes d (‘needs chlorophyll’) and f (‘one seed leaf’), and
remove attributes ¢g (‘can move’) and h (‘has limbs’). For large contexts, where
direct visualization of all the objects and attributes is impractical, the context
graph can provide an internal representation that supports a more sophisticated
user interface for navigational search, such as that in [12].

6 Related Work

In this article, we have motivated context graphs as potential models for IR.
The examples we have given, and other examples we have computed so far, in-
dicate that context graphs use relatively few edges to represent a hierarchy of
formal concepts. We believe that this means that navigation in a concept lattice
can be efficiently simulated using a context graph as an underlying structure,
instead of the lattice itself. Obviously, the size of the graph is at most quadratic
in the number of objects, whereas the lattice can grow exponentially. Comput-
ing the context graph would thus be a clear advantage compared to computing
the concept lattice if the context has a large number of objects. Another option
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in this case is to compute the lattice as it is traversed. In the context of IR we
refer to a paper of Ferré who combines this approach with dynamic taxonomies,
which are presented to a user as a local view reflecting their current position
in the lattice [12]. In [I3], a simple algorithm is presented which can efficiently
compute all upper (or lower) neighbors of a concept.

In [2], Wille uses the “Tea Ladies” example to compare FCA with methods
of social network analysis. In particular, a graph is shown which results from
a method presented in [I4]. The objects of the graph are the tea ladies of the
formal context, and the basic idea of the graph is that an edge exists between
two ladies iff they have been together at one of the meetings (i.e., if they share an
attribute). To reduce the number of edges, not all meetings have been taken into
account. In the context graph, two ladies who have attended the same meeting
are connected by a compliant path, but not necessarily by an edge, which reduces
the number of edges significantly.

Finally, we contrast context graphs with Conceptual Graphs [I5]. Conceptual
Graphs are used to symbolically express meaning. The value of context graphs,
at least in the scope of this paper, lies in the organization of data objects which is
realized by their structure. The structuring principle is similarity, and this means
that some kind of meaning could be reflected in the structure, but context graphs
are not devised and probably not suited for expressing meaning.

7 Conclusion

The contribution of this paper is the introduction and thorough study of con-
text graphs, a relatively compact representation of formal contexts in which
objects are vertices and formal concepts occur as certain subgraphs. We char-
acterized context graphs and their relationship to FCA by several theorems.
These led to an algorithm for the incremental construction of context graphs.
We analyzed the complexity of this algorithm and compared it with the best
known worst-case complexity for the incremental construction of a formal con-
cept lattice. We reasoned that context graphs are a promising basis for navi-
gational search in domains with massive and frequently changing numbers of
objects. Such domains are ever more abundant, e.g. social networking sites such
as Facebook, the semantic web, large-scale enterprise architecture, and data
warehousing.

Formal contexts hold the promise of enabling and facilitating such exploration
and navigational searches without the need for a complex lattice-theoretic or
algebraic query language other than in advanced searches. A full evaluation
of this claim is out of the scope of this paper, which instead uses small and
well-known examples to illustrate the formal theory of context graphs and their
relationship to FCA. Some of these examples have been computed with an initial
implementation of context graphs using Java servlets and a facility to upload
and analyze moderately sized formal contexts.
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Abstract. This paper presents Binary Decision Diagrams (BDDs) applied to
Formal Concept Analysis (FCA). The aim is to increase the FCA capability to
handle large formal contexts. The main idea is to represent formal context using
BDDs for later extraction of the set of all formal concepts from this implicit
representation. BDDs have been evaluated based on several types of randomly
generated synthetic contexts and on density variations in two distinct occasions:
(1) computational resources required to build the formal contexts in BDD; and
(2) to extract all concepts from it. Although BDDs have had fewer advantages
in terms of memory consumption for representing formal contexts, it has true
potential when all concepts are extracted. In this work, it is shown that BDDs
could be used to deal with large formal contexts especially when those have few
attributes and many objects. To overcome the limitations of having contexts
with fewer attributes, one could consider vertical partitions of the context to be
used with distributed FCA algorithms based on BDDs.

Keywords: Formal Concept Analysis, Formal Context, Formal Concept, Binary
Decision Diagrams.

1 Introduction

At the International Conference on Formal Concept Analysis in Dresden (ICFCA
2006) an open problem of "Handling large contexts" was pointed out and as an exam-
ple was cited the challenge of "how to calculate/generate all concepts of a large
context" (e.g. 120,000 x 70,000 objects attributes). In these cases, traditional FCA
algorithms have high computational cost and demand high execution times, making
the extraction of all concepts infeasible for larger contexts.

One possible solution to deal with the problem of handling large formal contexts is
to apply a distributed solution for the processing of contexts. Partial concepts are
obtained for later merging through a specific operator to find the final set of concepts.
Several authors have presented formal proposals and mathematical formalisms for
distributed application of FCA, as can be seen in [1-3]. However, these contributions
do not analyze the performance aspects of the distributed version concerning the den-
sity impact on the context.

It is clear the potential of FCA to represent and extract knowledge from a set of ob-
jects and attributes and it is even more clear the problem of dealing with databases of
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high dimensionality. Application in real problems often suffers from this common
fact. In this work, an approach to meet the challenge mentioned above consists in
applying Binary Decision Diagrams [4] to obtain a symbolic representation of a cross
table (formal context) that allows a more efficient extraction of the set of all concepts.
It will be shown that this approach is promising and that it can handle more efficiently
with large contexts when compared with the conventional implementation of algo-
rithms that handles tables. Although BDD suffers from limitations of handling con-
texts with many attributes, a common problem faced by FCA, it can handle huge
amount of objects, making it thus reliable for some set of problems. Also, in these
conditions, the BDD representation presents computational improvements. In some
cases it can even save days of processing, as it will be later addressed.

BDD has already been used earlier in FCA. In [5], using previously obtained con-
cepts, a concept lattice is built based on ZBDDs (Zero-Suppressed BDDs) [6], a type
of BDD. In this paper, BDD have been applied with a different aim, to represent for-
mal contexts in order to improve concepts computation. This article presents an
analysis of this new representation, both in its impact in memory consumption as the
computational time required to execute an algorithm to extract all concepts.

This article is organized in five sections. In the second section, the main concepts
of the FCA and BDD are reviewed. In the third section, examining the representation
of formal contexts through BDD is discussed. In the fourth section, the principles and
algorithm for extraction of formal concepts from BDD are presented. In the last sec-
tion, the conclusions and future works are pointed out.

2 Formal Context

2.1 Formal Concept Analysis

Formal Context. Formal contexts have the notation K:=(G, M, I), where G is a set of
objects (rows headers), M is a set of attributes (columns headers) and [ is an incidence
relation (I € G xM). If an object g € G and an attribute m € M are in the relation 7, it
is represented by (g, m) € I or glm and is read as “the object g has the attribute m”.

Given a set of objects A — G from a formal context K:=(G, M, I), it could be asked
which attributes from M are common to all those objects. Similarly, it could be asked,
for a set B — M, which objects have the attributes from B. These questions define the
derivation operators, which are formally defined as:

A:={me MlglmV ge A} (1)

B':={ge Glglm¥ me B} (2)

A special case of derivate sets occurs when empty sets of objects or attribute are
considered to be derivate:

AcG=0 => A:=M;BcM=0= B:=G (3
Formal Concept. Formal concepts are pairs (4, B), where A < G (called extent) and

B < M (called intent). Each element of the extent (object) has all the elements of the
intent (attributes) and, consequently, each element of the intent is an attribute of all
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objects of the extent. The set of all formal concepts in a formal context has the nota-
tion B(G, M, I). From a cross table representing a formal context, algorithms can be
applied in order to determine its formal concepts and its line diagram [7].

2.2 Binary Decision Diagrams

Binary decision diagrams are a canonical representation of boolean formulas [4]. The
BDD is obtained from a binary decision tree by merging identical subtrees and elimi-
nating nodes with identical left and right siblings. The resulting structure is a graph
rather than a tree in which nodes and substructures are shared.

Formally, a BDD is a directed acyclic graph with two types of vertex: non-terminal
and terminal. Each non-terminal vertex v is labeled by var(v), a distinct variable of the
corresponding boolean formula. Each v has at least one incident arc (except the root
vertex). Also, each v has two outgoing arcs directed toward two children: left(v), cor-
responding to the case where var(v)=0, and right(v) to the case where var(v)=1.

A BDD has two terminal vertices labeled by 0 and 1, representing the truth-value
of the formula false and true, respectively. For every truth assignment to the boolean
variables of the formula, there is a corresponding path in the BDD from root to a
terminal vertex. Figure 1 illustrates a BDD for the boolean formula (a A b) v (c Ad)
compared to a Binary Decision Tree for this same formula.

BDDs are an efficient way to represent boolean formulas. Often, they provide a
much more concise representation compared to the traditional representations, such as
conjunctive and disjunctive normal forms. BDDs are also a canonical representation
for boolean formulas. This means that two boolean formulas are logically equivalent
if and only if its BDDs are isomorphic. This property simplifies the execution of fre-
quent operations, like checking the equivalence of two formulas.

However, BDD has drawbacks. The most significant is related to the order in
which variables appear. Given a boolean formula, the size of the corresponding BDD
is highly dependent on the variable ordering. It can grow from linear to exponential
according to the number of variables of the formula. In addition, the problem of
choosing a variable order that minimize the BDD size is NP-complete [4]. There are
heuristics to order the BDD variables; some of them are based on the knowledge over
the problem. A review of some heuristics can be found in [8].

AU

3

g R A R
RRARARAR

Fig. 1. Binary decision tree and a correspondent BDD for the formula (a A b) v (c A d)
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3 Formal Contexts Represented in BDD

3.1 BDD Construction from Formal Contexts

As mentioned, BDD is able to represent logical expressions through simplified
graphs. In this way, a context can be converted into an equivalent logic formula to be
used in the creation of the BDD representation. Table 1 shows an example of a formal
context and its possible representation through a logic function.

Table 1. Formal Context Example

a | @ | a3
04 X X _ - - -
o | X | X fla,a,,a;) = aa,a, + aa,a; +aa,a, (4)
03 X

Note that each object is represented by a logic equation, according to the presence
or not of its attributes. The function f{a;, a,, a;) results in a positive state (1) when an
object is present on the context. This function returns the negative state (0) for objects
not present in the context. Thus, any context can be represented by a logic function.

Algorithm 1. BDD construction based on the context.

in: List<Object> list
out: BDD context

1: context = bddfalse

2: while !list.empty( ) do

3: obj = list.removeFirstObject( );
4: BDD tmp = bddtrue

5: for i=0; i<obj.attributes; i++ do
6: if obj.hasAttribute(i) then

7 tmp &= bdd_ithvar (i)

8: else

9: tmp &= bdd_nithvar (i)

10: endif

11: done

12: context |= tmp

13: dome

Algorithm 1 allows the construction of BDD based on the objects presented in the
formal context. Note that this algorithm maintains the same attribute order of the
formal context in order to build the context in BDD. The internal functions
bdd_ithvar and bdd_nithvar are specific to the BuDDy [9] library and are used to
define the presence or not of an attribute in the BDD, respectively. Once the conjunc-
tion of attributes is made, forming the objects (lines 7 and 9), then a disjunction of
those objects is realized (line 12).

It is important to emphasize that the main objective of this work is to show the fea-
sibility of BDD to represent formal contexts, and from that representation extract the
formal concepts. The feasibility is shown through the manipulation of large formal
contexts. In most cases the BDD representation is less memory efficient when com-
pared to a bit table representation of the contexts, as will be seen in the next section.
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But the memory consumption is not significant enough to invalidate its representation
in BDD. So the BDD can be used to extract concepts more efficiently than the algo-
rithms that work directly in the tabular representation.

3.2 BDD Representativeness Analysis

To achieve a more reliable simulation environment, all context used in this work were
built by the SCGaz tool (available at http://www.inf.pucminas.br/projetos/licap) to
evaluate the BDD performance. This tool can randomly generate formal contexts with
user-defined densities while avoiding the existence of some type of redundant attrib-
utes and objects. The use of partially clarified contexts was considered in this work to
guarantee that the final size of the BDD representation is not influenced by the exis-
tence of repeated objects and attributes, since this representation can internally sim-
plify these redundancies. This is an important step to ensure fairness of the represen-
tation that could otherwise be used to mask the true performance of BDD. Note that
the BDD representation is not restricted to clarified contexts and can be applied to any
type of context, regardless of its information redundancy.

To construct and operate the BDD, the BuDDy library was used in which each
node of its graph is represented by 20 bytes. Thus, the number of nodes in the graph
was the parameter used to quantify the representation memory consumption. In order
to compare the BDD representativeness, a relationship between the bit table memory
consumption was stipulated. Where S, and S,,; correspond respectively to the table
and BDD memory sizes. This metric calculates the gain (Gain) of a representation in
relation to another. Thus, when the BDD consumes less memory than the bit table,
equation (5) is then used. When the bit table is more efficient, the expression of equa-
tion (6) is therefore used. The negative sign indicates the loss of the BDD compared
to the bit table memory consumption.

Gain = Sabte 5)
bdd
Gain = — Shaa_ (6)

table

Note that the number of nodes in the BDD is not related to the number of filled
cells of the context. Contexts with the same density and filled cells can present BDDs
with more or less nodes.

To assess the representativeness of contexts through BDD, it is considered their
behavior over different types of context: |1GI=IMI, IGI<IMI, |GI>IM| and many-
valued. For each type of context considered, a pair (attribute, object) was simulated
for 10 cases of density, ranging from its minimum to its maximum value. For the
types of contexts with unique densities (many-valued and contexts |GI>IMI| with
IG1=2"""?), a single simulation was performed. The implementations were made in
C++ and the simulations were realized on a Pentium IV 3.06Ghz HT with 2GB of
RAM running Slackware Linux 12.0.
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Contexts |Gl = IMI. Table 2 and Figure 2 correspond to the representation of contexts
through BDD, where the number of objects is equal to the number of attributes. Table
2 shows the minimum, maximum, and the median values for the BDD memory
consumption (S4), as well as the required time to build the BDD (7},4) and the
representativeness gain compared to the bit table. Figure 2 shows the gains obtained
for the cases (100, 100), (1000, 1000) and (5000, 5000) in function of the density.

Gain x Density
1G] = M|

(1000, 1000) —¢—
0 (3000, 3000) —%—
(5000, 5000) —8—

Gain

0 1 20 E 4 6 7 ) 90 100

50
Density (%)

Fig. 2. BDD gain for contexts |G| = IMI|

Table 2. BDD simulation for contexts |G| = |M|

Gl |y | Suve Spaa (Kb) Thaa (5) Gain
(Kb) | Min | Median | Max Min Median Max Min Median | Max
50 50 0 2 36 39 0.01 0.02 0.03 | -128.21 | -117.18 | -6.35
100 | 100 1 4 163 172 0.08 0.22 0.25 | -140.64 | -133.51 | -3.18
300 | 300 11 12 1636 1669 3.27 9.06 9.18 | -151.87 | -148.94 | -1.06
500 | 500 31 20 4660 4718 18.19 47.53 49.93 | -154.60 | -152.69 | 1.56

1000 ] 1000 | 122 | 39| 19038 | 19163 362.66 661.04 786.00 | -156.98 | -155.96 | 3.13
1500 | 1500 | 275 | 59 | 43157 | 43357 | 1217.48 | 2435.05| 258538 | -157.86 | -157.13 | 4.69
2000 ] 2000 | 488 | 78 | 77029 | 77310 | 3013.76 | 5959.37 | 6059.72 | -158.33 | -157.76 | 6.25
2500 ] 2500 | 763 | 98 | 120662 | 121019 | 5728.60 | 11723.10 | 12051.70 | -158.62 | -158.15 | 7.81
3000 | 3000 | 1099 | 117 | 174050 | 174493 | 7252.94 | 14696.80 | 14829.50 | -158.83 | -158.42 | 9.38
3500 | 3500 | 1495 | 137 | 237203 | 237718 | 11450.90 | 23694.70 | 23907.90 | -158.97 | -158.63 | 10.94
4000 | 4000 | 1953 | 156 | 310110 | 310708 | 17159.50 | 35908.95 | 36225.80 | -159.08 | -158.78 | 12.50
4500 | 4500 | 2472 | 176 | 392771 | 393462 | 24577.30 | 52143.25 | 52561.80 | -159.17 | -158.89 | 14.06
5000 | 5000 | 3052 | 195 | 485201 | 485977 | 34321.40 | 73011.15 | 73679.80 | -159.25 | -158.99 | 15.63

As expected, BDD obtained a better performance in low and high densities (ap-
proximately below 10% and above 90%) when compared to intermediate densities.
This occurs because with few or many incidences in the context table, there are sev-
eral similarities in the BDD graph that allow simplifications of sub-expressions. The
BDD is therefore represented with fewer nodes. Meanwhile, in the intermediate densi-
ties, the BDD had a constant behaviour. This happens because the BDD is using few
objects compared to the total universe of objects (2™)), making no influence in the
representation size. The BDD is unable to find enough objects similarities that could
allow significant simplification. So, the intermediate density has no effect over the
BDD representative size.

It is noteworthy that, although the BDD has had a lower performance than the bits
table, the representation of formal contexts in BDD is computationally feasible.
Through data collected by the simulations, it is pointed out that, for a context with
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5,000 attributes and 5,000 objects, the BDD required expressively more memory than
the bit table representation and was able to build it in a viable computational time of
about 20 hours.

Gain x Density
1G] < M|

(1000, 1000) —%—
o} (3000, 3000) —%—
(5000, 5000) —@—

Gain

100

-120

-140

180

-180
0 19 2 E 40 50 60 0 & 0 100

Density (%)

Fig. 3. BDD gain for contexts |G| = M|

Table 3. BDD simulation for contexts |G| < |M|

Gl Ml Stable Shaa (Kb) Thaa (8) Gain
(Kb) | Min | Median Max Min Median Max Min Median Max
100 | 1000 12 42 1921 1929 25.19 27.68 28.03 | -158.05 -157.40 | -3.43
600 | 1000 73 390 | 11444 | 11515 151.76 253.24 255.87 | -157.22 -156.24 | -5.33
900 | 1000 | 110 860 | 17140 | 17251 237.00 419.00 423.23 | -157.02 -156.02 | -7.83
200 | 2000 49 82 7739 7757 211.45 286.26 289.19 | -158.87 -158.49 | -1.67
1200 | 2000 | 293 | 1612 | 46263 | 46419 | 1318.07 | 2475.16 | 2498.55 | -158.44 -157.91 | -5.50
1800 | 2000 | 439 | 3664 | 69342 | 69589 | 2099.88 | 3783.11 | 3819.29 | -158.35 -157.79 | -8.34
300 | 3000 | 110 117 | 17457 | 17489 725.02 | 1267.96 | 1276.93 | -159.19 -158.90 | -1.06
1800 | 3000 | 659 | 3179 | 104497 | 104745 | 4678.94 | 8663.08 | 8734.99 | -158.90 -158.53 | -4.82
2700 | 3000 | 989 | 8648 | 156663 | 157054 | 9454.73 | 13168.50 | 13297.90 | -158.84 -158.44 | -8.75
400 | 4000 | 195 213 | 31079 | 31124 | 172556 | 3227.89 | 3258.88 | -159.36 -159.12 | -1.09
2400 | 4000 | 1172 | 4969 | 186152 | 186497 | 11886.00 | 20967.85 | 21207.00 | -159.15 -158.85 | -4.24
3600 | 4000 | 1758 | 15518 | 279119 | 279660 | 26804.10 | 32140.80 | 32479.40 | -159.10 -158.79 | -8.83
500 | 5000 | 305 273 | 48605 | 48664 | 3403.50 | 6507.70 | 6564.56 | -159.46 -159.27 | 1.12
3000 | 5000 | 1831 | 9071 | 291238 | 291674 | 30512.60 | 42217.25 | 42495.30 | -159.29 -159.06 | -4.95
4500 | 5000 | 2747 | 23234 | 436726 | 437409 | 55495.90 | 64979.45 | 65884.40 | -159.26 -159.01 | -8.46

Contexts |Gl < IMI. Table 3 presents the data collected in simulations to settings
where the number of objects is less than the number of attributes. This is considered
the worst situation for the BDD, since there is a small amount of objects, resulting in
a low probability of finding objects with similar characteristics. Thus, the BDD is
unable to simplify enough its representation to overcome the performance of the bits
table. The representation of the bits table is still very compact in order to verify a
representativeness gain of the BDD version. A similar behavior of Figure 2 can be
observed in Figure 3. In extreme values of densities, the BDD performance had a
slightly improvement over intermediate densities. However, the gains were not
enough for the memory space consumed by the BDD representation suppress the bits
table representation. Again, the bit table representation was extremely compact. The
expressive number of attributes increases the BDD graph depth and requires more
nodes to be represented.
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Median Gain x % of 2™
1G] > M|

With 12 attributes —%—
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Fig. 4. BDD gain for contexts |G| = IMI|

Table 4. BDD simulation for contexts |G| > |M|

Gl ™I Stable Epaa (Kb) Thaa (8) Gain
(Kb) | Min Median Max Min Median Max Min Media Max

102 10 0 1 2 3 0.00 0.00 0.00 [ -22.52 | -20.08 | -10.87
613 10 1 2 4 5 0.01 0.01 0.01 -6.16 -5.56 -2.27
920 10 1 1 3 3 0.01 0.01 0.01 -2.42 -2.23 -1.15
409 12 1 3 8 8 0.00 0.01 0.01 [ -14.03 | -12.85 -5.55
2457 12 4 3 13 14 0.03 0.03 0.03 -3.88 -3.66 1.08
3685 12 5 4 8 8 0.04 0.04 0.04 -1.53 -1.41 1.53
1638 14 3 7 24 27 0.02 0.02 0.03 -9.57 -8.73 -2.46
9829 14 17 6 42 45 0.13 0.13 0.14 -2.66 -2.52 2.82
14744 14 25 7 24 27 0.19 0.20 0.21 -1.05 1.04 3.49
6553 16 13 13 80 88 0.10 0.12 0.13 -6.90 -6.25 -1.01
39321 16 77 10 145 160 0.77 0.78 0.92 -2.08 -1.89 7.90
58981 16 [ 115 13 80 88 1.19 1.21 1.22 1.31 1.44 8.96
26214 18 58 66 271 | 298 0.61 0.71 0.77 -5.18 -4.70 -1.14
157285 18 | 346 55 515 | 582 4.70 4.97 5.01 -1.68 -1.49 6.25
235928 18 518 65 270 | 298 7.32 7.37 7.39 1.74 1.92 7.93
104857 20| 256 | 248 938 | 1033 3.71 4.54 4.79 -4.03 -3.66 1.03
629145 20 | 1536 | 225 1759 | 1962 28.09 30.13 43.25 -1.28 -1.15 6.84
943717 20 | 2304 | 267 936 | 1034 39.58 40.26 40.33 2.23 2.46 8.62

Contexts |Gl > IMI. The data shown in Table 4 reflects the simulations realized with a
wider number of objects than attributes. For each type of context, the selected amount
of objects was 10%, 60% and 90% of the maximum number of objects possible (2™).

It is noticed by Figure 4 that the gains and losses were not significant when a large
amount of objects are used. The more the number of objects cover the total objects
universe of possibilities (Z'M'), better will be the BDD representativeness. This is the
case when 90% of the maximum number of objects is used. Also, BDD presented a
stable behavior with fewer variations in the minimum, median and maximum gain for
this type of context. With fewer attributes and many objects, BDD may become an
attractive alternative to express data contained in cross tables. Also, the computational
time required to assemble the BDD graph is not a limiting factor, allowing the con-
struction of a BDD with 943,717 objects in times around 40 seconds. However, this
situation is only reflected in context with few attributes. Increase the amount of at-
tributes in the BDD has serious consequences in its size.
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Many-Valued Contexts. Table 5 shows the data collected for many-valued contexts
concerning attributes ranging from 1 to 5, where each attribute was simulated with 5,
10 and 15 intervals of discretization. All contexts used in these simulations have only
one incidence per attribute, i.e. only one attribute-value by attribute. The amount of
objects considered in the simulations is shown in Figure 5 along with the considered
density. As it can be seen through Table 5, is possible to assemble a BDD context
with more than 700,000 objects in approximately 13 minutes. The gains obtained in
the data presented in Table 5 show that BDD has a satisfactory memory performance
for this type of context. The density of this type of context is naturally lower, allowing
the BDD representation to find more simplifications and be represented in a more
compact form.

Gain x Many-valued Attributes

Many-valued Gontexts
2500

5 attributes per nanu-ualusd attribute —%—
2250 | 10 attributes per nanu-ualued attribite —X—

thribute —8—
2000
1750
1500

1260

Gain

1000
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500

250

1 2 3 4 5
Many-valued Attributes

Fig. 5. BDD gain for many-valued contexts

Table 5. BDD simulation for many-valued contexts

IGI=IVI™ [ IMI | IV | IMIVI | Den | Subeta (Kb) | Soad (Kb) | Towa (s) | Gain
5 1 5 5[ 20% 0 0]  0.00 -60.00
25 2 5 10 | 20% 0 0] 0.00 1161
125 3 5 15 | 20% 0 0] 000 231
625 4 5 20 | 20% 1 0] 001 217
3125 5 5 25 | 20% 10 0] 008 10.85
10 1| 10 10| 10% 0 0] 0.00 31.67
100 2| 10 20 | 10% 0 0| 0.00 3.04
1000 3] 10 30 | 10% 4 1] o004 3.29
10000 4] 10 40 | 10% 49 1 0.72 32.80
100000 5 10 50 | 10% 610 2| 2486 32895
15 1| 15 5] 6% 0 0] 0.00 20.71
225 K 30| 6% 0 1 0.01 138
3375 3] 15 5] 6% 19 2| 026 10.91
50625 i 15 60| 6% 371 2| 1754 163.66
759375 5 15 75| 6% 6952 3| 759.04 | 2454.88

This section presented the assessment of BDD as a representation of formal con-
texts. It was observed that the BDD has a satisfactory performance only on context
with fewer attributes and a large amount of objects, i.e., when the number of objects
covers much of the maximum number of objects possible (2™). Unfortunately, to
achieve this exorbitant amount of objects, the number of attributes must be very
small. Moreover, as mentioned, the performance of BDD deteriorates as the number
of attributes increases. As the level of depth in the BDD graph increases, less
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simplification are found to reduce its size. The construction of the BDD is also
affected when the time for its assembly grows exponentially when more attributes
are expressed in the context. In addition, better results can be obtained in contexts
with densities closer to the minimum and maximum values than in intermediate
values.

It is important to emphasize that the FCA derivation operator, necessary to obtain
the formal concepts, is applied on the context expressed in BDD. Therefore, the more
satisfactory is the performance of BDD, smaller will be the computational time re-
quired to operate it. For this reason, the concepts extraction should take advantage of
this situation.

4 Formal Concepts Extraction Using BDD

4.1 Concept Extraction Algorithm Implementation Using BDD

In order to use a BDD representation of formal context, algorithms to extract concepts
and/or to construct the concept lattice available in the literature must be adapted to
handle this new form of representation. To demonstrate the feasibility of BDD, the
adapted algorithm was the Attribute Intersections [10]. Note that the purpose of this
paper is to evaluate the feasibility of BDD and not its most efficient implementation
over several others algorithms.

The implementation of the Attribute Intersection algorithm in BDD was divided in
three primary stages (Fig. 6). In the first stage, the construction of the formal context
in BDD is made (Algorithm 1). The second stage is responsible to extract the set of all
concepts from the BDD context. In the final stage, it is necessary to identify the at-
tributes and objects from the concepts represented in BDD.

Find the Set of Intent and
Extent in Concepts
Represented in EDD

Formal Context Extract the Set of

Construction in BDD All Concepts in BDD

Fig. 6. Steps to implement the Attribute Intersection algorithm in BDD

Extracting the Set of All Concepts in BDD. Algorithm 2 is the kernel of the Attrib-
ute Intersection algorithm, but slightly modified to work with BDD. This implementa-
tion in BDD takes advantage of two distinct moments when the derivation operator is
used (Line 4) and the intersection between two concepts is made (Line 8). The deriva-
tion operator is easily implemented through the implicit bdd_ithvar operator, which
obtains a BDD representation of all objects that has an attribute. The intersection
between two concepts is also implemented through an implicit BDD operation. In this
case, the conjunction operator is represented in the algorithm as “&” but implemented
as bdd_and. Moreover, the concepts list in this algorithm was implemented as a Hash
to achieve a faster verification of concepts duplicity.
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Algorithm 2. BDD construction based on the context.

in: BDD context
out: List<BDD> concepts

1: concepts = new List<BDD>

2: concepts.addConcept (context)

3: for i=0; i<attributes; i++ do

4 BDD tmpl = context & bdd_ithvar (i)
5: size = concepts.size()

6: for j=0; j<size; j++ do

7 BDD tmp2 = concepts.getConcept (J)
8 BDD intersection = tmpl & tmp2

9: if !concepts.exist(intersection) then
10: concepts.add(intersection)

11: endif

12: done

13: domne

Unfortunately, storing all the concepts as BDD in the list reflects a very expressive
memory consumption. The algorithm was slightly modified to save the concept intent
(B,) rather than the concept (A; B;) in BDD. From the intent set (B;), one can rebuild
the concept in BDD through the formal context, thereby maintaining the essence of
the proposed Algorithm 2.

Finding the Set of Intent and Extent in Concepts Represented in BDD. This
section shows how to obtain the extent and intent of these concepts represented in
BDD. Algorithm 3 is used to check if all objects represented by the BDD share a
common attribute. Algorithm 4 is used to verify whether or not an object is present in
the BDD.

Algorithm 3. Verify the presence of an attribute in a
concept represented in BDD.

in: BDD concept, attr
out: presence
1: BDD tmp = concept & bdd_ithvar (attr)

2: if tmp == concept then
3: present = true

4: else

5 present = false

6: endif

For the extraction of all objects (extent) of the concept, Algorithm 4 can be used to
verify if each object that exists in the formal context is present in the concept. The
same can be applied to the set of attributes (intent), through Algorithm 3, covering all
formal context attributes checking whether or not they are present in the concept rep-
resented in BDD.
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Algorithm 4. Verify the presence of an object in a concept
represented in BDD.

in: BDD concept, objc
out: presence

1: BDD tmp = concept

2: for 1=0; i<objc.attributes; i++ do
3 if tmp == bddtrue then

4: presence = true

5: return

6: else if tmp == bddfalse then

7 presence = false

8 return

9: endif
10: if bdd_varlevel (tmp) == i then
11: if obj.hasAttribute(i) then
12: tmp = bdd_high (tmp)
13: else
14: tmp = bdd_low (tmp)
15: endif
16: endif
17: done
18: presence =(tmp == bddtrue)

4.2 Feasibility Analysis of BDD to Extract Concepts

One of the requirements to assess the representativeness of BDD to extract concepts
was to compare its performance under the same conditions as its tabular version. For
this reason, it was decided to implement a unique algorithm for both situations: con-
texts represented by BDD and by a table. As previously mentioned, the algorithm
selected was the Attribute Intersections. This algorithm choice was driven by its in-
herent characteristics that allow a more effectively concepts extraction from contexts
where the number of objects is superior to the attributes.

To create a more reliable simulation environment, both versions of the algorithm
were constructed sharing the same types of strategies. The BDD version was con-
structed according to the diagram in Figure 6, while the tabular version was con-
structed with several optimizations. Both of them uses a list that holds concepts intent
as a hash-table and shares the same hash function. The BDD version has an intrinsi-
cally feature that, when there is an intersection between two other concepts, the result
is already a concept; while in the tabular version it is necessary to further use deriva-
tion operators to acquire the concept. To overcome this problem, the concept is ob-
tained only after the verification of if its intent is not present in the list yet. Thus, the
tabular version of the algorithm avoids unnecessary derivation operations and main-
tains similarity to the BDD version. Another feature was the implementation in the
conventional version of the algorithm: the derivation operator uses a data structure
similar to a BitSet. The efficiency of the operators becomes superior by decreasing the
amount of comparisons between two sub-sets of concept extents. In this sense, vari-
ous enhancements aimed at a more rapid extraction of concepts in order to achieve a
more effective comparison of the BDD viability.
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Fig. 7. Evaluation of Attribute Intersections implemented as a table and BDD

Another difference between the two versions evaluated is related to how each of
them carries out their intersections. The BDD version performs the intersection be-
tween concepts represented in BDD through the implicit bdd_and operator, while the
tabular version performs the intersection between the previously computed concepts
extents. After that step, both algorithms must identify the concepts intent. The BDD
version takes advantage of this situation because of its extremely efficient bdd_ithvar
operator, but looses in performance in stage 3 of the diagram in Figure 6. The table
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version is not affected by this problem since it obtains the concept intent and extent
through the derivation operators. Thus, several simulation scenarios are necessary to
evaluate the algorithm behavior over different conditions.

Figure 7 shows the behavior of the Attribute Intersections algorithm for the BDD
and tabular version for contexts with fewer attributes (20 to 100) and many objects
(10,000 to 60,000). This algorithm has better performance for contexts |Gl>IMI. To
ensure that the BDD graph would not be extremely compact, the used density for all
contexts was the minimum plus 10% of it. Moreover, lower density values result into
smaller amounts of concepts, thus making the simulations consume less time to exe-
cute. All simulations were realized on a Pentium Dual Core 2.66Ghz with 2Gb of
RAM running Linux Slackware Linux 12.0. The implementations for both versions of
the Attribute Intersections algorithm were implemented in C++.

As it can be seen in Figure 7, the implementation of the algorithm in BDD had an
exponential performance in all the simulations, while the tabular version has pre-
sented an irregular decreasing behavior. For the table version, the density can explain
the decreasing behavior, since lower attributes value had higher density for these
considered simulations. In addition to that, how the incidences are spread into the
context can explain its irregular behavior. Different contexts with the same density
may have different execution performance. On the other hand, the BDD version pre-
sented a stable exponential behavior. Increasing the quantity of attributes in the con-
text, more nodes will be required to construct the BDD. Therefore, as more nodes are
used by the BDD, less efficient will be the operations in this representation. Thus,
explaining this uniform behavior. Also, as can be seen by simulations of 20 and 30
attributes, while the tabular version had worst time performance, this BDD main-
tained a very low execution time, despite of the higher density. So, the BDD size is
extremely relevant in the computation of all concepts.

Through simulation, it is demonstrated that BDD has a better overall performance
than the table version for a number of attributes lower than or equal to 70. Above this
threshold, the BDD graph becomes complex and begins to turn into an unattractive
solution. Also, as the amount of objects increases, greatest has become the difference
between the execution times of both implementations, considering attributes up to 70.
Thus, the implicit representation of concepts in BDD becomes an alternative to a
more efficient extraction of concepts in these conditions.

Considering now a threshold of 70 attributes, another simulation scenario was cre-
ated. This time, the number of objects chosen was based on the ICFCA’06 challenge.
A many-valued context was simulated with 7 attributes, a fixed number of 10 attrib-
ute-values per attribute and 120,000 objects. The context had a density of 10% and
generated 1,172,960 concepts. Table 6 presents the spent time consumed by both
algorithm implementations, in BDD and in table.

Table 6. Execution time for many-valued context with 70 attributes and 120000 objects

Construction of Concepts Intent and Extent
the Context (s) Extraction (s) | Identification (s)
Table - - - 251283 | 2d 21:48:03
BDD 128 18345 33289 51762 | 0d 14:22:42

Total (s) Total
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As it can be seen in Table 6, the BDD version obtained the set of all concepts in
less than 15 hours, while the tabular version demanded almost three days for its com-
plete execution. Applicability to process larger contexts could be achieved with the
use of a distributed version of an algorithm implemented in BDD. If we consider that
a context with 70,000 attributes and 120,000 objects can be divided into sub-contexts
of 70 attributes and 120,000 objects, still maintaining a low density, then it would be
necessary, in general, 15 thousands of execution hours. Considering that all sub-
contexts were executed in execution times around 15 hours. If a cluster of 50 com-
puters were used, then it would be required around 300 execution hours, about 15
days. It will be still necessary to join the sub-concepts to form the concepts final set,
but the BDD opens a possibility to process this large contexts.

Note that the required time to identify the set of extents from the concepts repre-
sented in BDD was very significant, as seen by Table 6. This happens because of the
used algorithm quadratic complexity relative to the number of objects. If more effi-
cient algorithms were used, lower computational times may be achieved to process
contexts. Instead of a brute force strategy to check objects presence in a concept,
another strategy could be visiting BDD nodes identifying the objects, inverted form.

5 Conclusions

The present work is related to a challenge raised at the ICFCA’06 conference, which
refers to the manipulation of large formal contexts. Through the use of an implicit
representation of formal context in BDD, it has been demonstrated that this new rep-
resentation became computationally feasible for handling large contexts, when com-
pared to the conventional manipulation of a table.

In this work, the representation of the formal contexts in BDD were evaluated in
two distinct aspects, as the memory consumption in relation to a bit table and as the
computational time spent in its construction. It was later assessed the performance of
the algorithm Attribute Intersection adapted to be used with BDD compared to the
conventional implementation as a table. It has been verified that the BDD can be
applied to the FCA algorithms to improve the execution time required to complete the
extraction of all concepts. Although this representation allows the manipulation of
contexts with a large number of objects, it is restricted to contexts with few attributes
(up to 70 attributes, as experimentally verified). This is due to the fact that BDD tends
to improve their representation with a larger number of objects, allowing further sim-
plifications on its graph and thus making the operations on it more efficient. It has
been also realized that the lower the number of attributes in the context the higher will
be the BDD performance when compared to the conventional implementation of the
algorithm, as verified in Figure 7. Thus, if the context meets this feature, a significant
efficiency can be achieved with the application of this new alternative. This can also
be verified for many-valued contexts in Table 6, in which the difference between both
execution times was approximately of 2 days of uninterrupted processing.

The context density is an aspect that is intimately related to the number of concepts
obtained. The concepts extraction using a BDD representation is still conditioned to
this characteristic. Therefore, all simulations were limited to low densities.
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Several future works may be pointed out: Evaluating new libraries for BDDs con-
struction and manipulation, like CUDD [11]; measuring the behavior over different
BDD technologies, like ZBDDs; evaluate different orders for attributes (statically or
dynamically chosen) to construct the BDD; and adapting others FCA algorithms that
could be used with BDD. ZBDD have already proven to be satisfactory for spare
contexts [5], but in some type of contexts, in our preliminary results, the standard
BDD was able to beat the ZBDD performance. Further analysis is therefore required.
Also, in order to adapt others FCA algorithms a study must be conducted to verify
whenever the BDD can be applied. In other words, which algorithm operations can be
similarly replaced by a BDD operation in order to increase the algorithms capabilities.
For example, in this work, the intersection of concepts in the Attribute Intersection
was implemented by replacing this function with a correlated BDD conjunction op-
erator that enabled performance improvements.

Although the results presented in this paper have been shown to be satisfactory for
many objects (120,000) and a few attributes (in the order of 70), it is possible to use
the BDD approach in conjunction with distributed FCA algorithms. Thus increasing
processing power of contexts with larger number of attributes while still maintaining
its inherent capability of processing huge amounts of objects.
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Abstract. We present an approach to the cell formation problem,
known from group technology, which is inspired by formal concept anal-
ysis. The cell formation problem consists in allocating parts (objects)
to machines (attributes), based on the machine-part matrix. This can
be viewed as forming groups consisting of a set of parts and a set of
machines. Such groups resemble formal concepts in the input data. Due
to the specific nature of the performance assessment in the cell forma-
tion problem, good groups can be thought of as rectangles which, unlike
those corresponding to formal concepts, contain a few blanks, i.e. which
are not full of crosses in terms of formal concept analysis. Moreover,
such groups need to be disjoint both in terms of objects and attributes.
In this paper, we present an algorithm for the cell formation problem,
experimental results, and a comparison to some methods proposed in the
literature.

1 Introduction

Group technology (GT) is an approach to manufacturing management which
capitalizes on grouping of products with similar manufacturing characteristics.
Conceived originally in the 1940s in the Soviet Union, it has since been developed
and used in numerous countries [I0/15]. There are several benefits from applying
GT and they are discussed in e.g. [3[T5/I8].

One particular application of GT is cellular manufacturing (CM) [2IT2/T8].
CM involves grouping of machines or processes into manufacturing cells and
operation of manufacturing cells. Such grouping is based on parts or part fam-
ilies processed by the machines. This makes CM different from a traditional
jobshop environment in which machines are grouped according to their func-
tional similarities [§]. The companies surveyed in [I7] reported several benefits
from implementing CM, including setup time reduction, material handling cost
reduction, equipment cost and labor cost reduction, improvement in quality, im-
provement in material flow, machine and space utilization, and improvement in
employee morale.
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One of the first problems encountered in implementing CM is the cell forma-
tion (CF) problem which consists in grouping of machines into cells, grouping of
parts into families, and assignment of the part families to machine cells, so that
machine utilization is high and inter-cellular movement is low. Several other con-
straints need often be considered, such as safety and technological requirements
regarding the location of machines, maximum size of cells and maximum num-
ber of cells specified by a user, requirements regarding the capacity of machines,
or the need for designing flexible cells, but the principal concern is machine
utilization and inter-cellular movement [SJ9JT8].

Several approaches to the CF problem were proposed in the literature.
[2[T8IT2I9/T6] provide overviews of these approaches. [13] identifies numerous ap-
proaches and classifies them according to their methodology into the following
classes:

— descriptive procedures (they include informal methods based on rules of
thumb or visual inspection, as well as formal methods based on part coding
and classification),

— methods based on cluster analysis (both hierarchical and non-hierarchical
clustering algorithms are utilized in these methods),

— methods based on graph partitioning,

— methods based on artificial intelligence techniques (a variety of techniques
underlies these approaches, such as rule-based knowledge systems, pattern
recognition, and artificial neural networks),

— methods based on mathematical programming (particularly, linear and
quadratic programming, and dynamic programming).

The evaluations available in the literature, see e.g. [I0/I3] suggest that there
is no clear winner among the proposed approaches to the CF problem, as the
approaches perform differently on different types of datasets.

In this paper, we present a novel approach to the CF problem. The approach
is inspired by formal concept analysis (FCA) [5I7]. FCA identifies particular
clusters, called formal concepts, in the input data which consists of objects, at-
tributes, and an incidence relation between them. The main idea of our approach
consists in linking the conceptual framework of CF to the notions of FCA in a
way in which parts correspond to objects, machines correspond to attributes,
and the part-machine relationship, indicating which parts need to be processed
on which machines, is represented by the incidence relation. Doing so, the formal
concepts in the input data obtained using such link can naturally be interpreted
as cells whose machines correspond to the attributes of the concept intent and
whose parts correspond to the object of the concept extent. In terms of CF, the
original methods of FCA can recognize only cells with full machine utilization
and allow for overlapping cells. In order to fit the requirements of CF, we thus
modify the notions of FCA and develop an algorithm that extracts a set of formal
concepts from the part-machine data which can be interpreted as a set of cells
provided as a solution to the CF problem. We demonstrate by comparison to
other methods described in the literature on several benchmark datasets that our
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algorithm performs well both in terms of machine utilization and inter-cellular
movement.

The paper is organized as follows. In Section 2.1l we define the cell formation
problem. Section reviews basic notions from formal concept analysis and
links them to the conceptual framework of cell formation. Our method for cell
formation based on formal concept analysis is presented in Section Bl Section @l
presents an experimental evaluation of the proposed method including a compari-
son to other methods proposed in the literature. Section [Bl contains conclusions
and directions for future research.

2 Cell Formation Problem and Formal Concept Analysis

2.1 Cell Formation Problem

Let

X ={M,...,M,}
be a set of machines,

Y ={P,...,Pn}
be a set of parts,

ICX XY
be a machine-part incidence relation with the following interpretation:
(M,P) eI iff part P needs to be processed on machine M.

The triplet (X,Y,I) can be depicted by a table in which rows correspond to
machines, columns correspond to parts, and a table entry is black or white
depending on whether (M, P) € I or (M, P) ¢ I. Such table is called a part-
machine matriz in the cell formation problem.

A cellin (X,Y,I) is a pair (A, B) of aset A C X of machines and aset BCY
of parts. The cell formation problem (CF problem) can be described as follows.

Definition 1. A solution to the CF problem is a set
S ={(41,B1),...,(Ak, Br)} (1)

of cells for which
1. {Ay,..., A} forms a partition of the set X of machines,

2. {Bi,...,Bx} forms a partition of the setY of parts.
That is, () is a solution if

1. foreach l=1,...,k: A; # (0 and B; # 0,
2. fori,j=1,...,k, i #j: AiﬂAjZQ)andBiﬂBj
3. AjU---UAy=Xand ByU---UB =Y.

0,

Given (XY, I), the following two objectives need to be achieved by any so-
lution S which is considered to be a “good solution”:
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1. high machine utilization within cells, which means that for each cell (A;,B;) €
S, the number of machine-part pairs (M;, P;) in this cell (i.e. pairs (M;, P;) €
A; x By) for which P; needs to be processed on M; (i.e. (M;, P;) € I) is
(relatively) high;

2. low percentage of exceptional elements, which means that the number of pairs
(M;, Pj) € I for which M, belongs to a different cell than P; (i.e. for each
l=1,....k (M;, Pj) ¢ Ay x By) is (relatively) low.

Evaluations of goodness of a solution are usually based on some variants of
the following functions.

Definition 2. Given a part-machine matriz represented by (X,Y,I) and a so-
lution ([Il), we define

1. the machine utilization MU(S) ofS by

| Al X Bl N I‘
2
= Z Al 1Bl (2)
2. the percentage of exceptional elementb PE(S) of S by

11 —Ui; A x By

PE =
(s) = 3)
Given a weight w € [0, 1], the grouping efficiency GE(S,w) of S is defined by
GE(S,w) = w-MU(S) — (1 —w) - PE(S). (4)
Instead of [@]), one sometimes uses
I-U, A4 xB
PE(S) _ | Ul:l 1 X l| (5)

men = Sy Al | Bl
Note that MU(S) is the average machine utilization per cell, given that a ma-
chine utilization of a cell is the percentage of entries in a cell which are black.
PE(S) given by (]) is the percentage of black entries in the collection of entries
which do not belong to any cell.

2.2 Formal Concept Analysis

We refer to [7] and [5] for information on formal concept analysis (FCA). We
denote a formal context by (X,Y,I), i.e. I C X x Y (object-attribute data
table, objects € X, attributes y € Y); the concept-forming operators by !
and !, ie. for A C X, Al = {y € Y| foreachz € A: (z,y) € I} and dually
for 1; a concept lattice of (X,Y,I) by B(X,Y,I), i.e. B(X,Y,I) = {{A,B) €
2X x 2Y | Al = B, Bl = A},

3 Proposed Method

This section describes our approach to find a solution of a given cell-formation
problem which meets certain quality criteria. The criteria are formulated using
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suitable measures. The basic idea of our approach can be summarized as follows:
(1) Define a function f which measures quality of a cell in a given context; (2)
take a formal context I C X XY representing the part-machine relationship; (3)
take sets A C X and B C Y which maximize f; (4) output (A, B) and repeat
step (3) until all objects and attributes are covered. Thus, we follow a greedy
approach utilizing the measure f.

The greedy approach sketched above may end up in a situation where all
machines (parts) are covered by the discovered cells and some of the parts (ma-
chines) are not. In such a case, we are not able to form a solution from the
discovered cells because one of the conditions 1. and 2. of Definition [ is not
satisfied. We therefore relax the notion of a solution as follows.

Definition 3. A cell (A, B) where exactly one of the sets A and B is empty is
called a degenerate cell. An admissible solution to the CF problem is any
set S = {(A1, B1),...,(Ak, Bi)} of cells such that

1. § contains at most one degenerate cell,

2. fori,j=1,... k, i#j: A NA; =0 and B;NB; =0, and

3 AiU---UA, =X and BiU---UB, =Y.

The algorithm can be formalized as follows:

FINDCELLS(, f)
1 U—X;VeY:C—0

2 whileU#0and V # 0

3 do (A, B) «— FINDBESTCELL(I, U, V, f)

4 C—CU{{A,B)},3U—~U-AV V-8B
5 ifU#QorV #£(

6 then

7 C—Cu{(U,V)}

8 return C

The algorithm FINDCELLS(I, f) first initializes sets U and V denoting the
remaining objects and attributes which can be used to form cells. FINDBEST-
CELL(I,U,V, f) at line 3 returns a new cell (A4, B), i.e. A C U, B C V, which
has a high value of f (preferably the highest one) among all possible cells formed
from U and V in I. Obviously, FINDBESTCELL(Z, U, V, f) can be defined in many
ways; some of them will be discussed later. Once a suitable cell (A, B) is found
by calling FINDBESTCELL(I, U, V, f), objects from A and attributes from B are
removed from U and V (see line 4) which ensures that the next cell will not
have an overlap with the cells computed in the previous steps. If if-then clause
between lines 5-7 adds to C a degenerate cell (U, V) consisting of remanining
machines U and parts V provided that U # () or V # 0. At the end of the
computation, C contains an admissible solution.

Brute-Force Algorithm. We now focus on FINDBESTCELL(Z, U, V, f) which is the
core of our algorithm. Since FINDBESTCELL is supposed to find a cell which, in
the ideal case, maximizes f, the best cell can be obtained by going through all
possible subsets of U and V:
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FINDBESTCELL (I, U, V, f)
1 s+ —©

2 for C €2V

3 do for D € 2V

4 do if s < f(I,U,V,C, D)

5 then

6 s+ f(I,U,V,C,D);{A,B) — (C, D)
7 return (A, B)

Needless to say, such an algorithm has an exponential time complexity. How-
ever, it can be applied to some of the small real-world problems presented in the
literature.

In what follows we focus on variants of FINDBESTCELL; which do not go
through the space of all possible subsets of U and V but only through a smaller
portion which contains promising cells (i.e., cells with high values of f).

Algorithm Using Formal Concepts. The number of cells which are calculated
during a single call of FINDBESTCELL; (I, U, V, f) can be reduced if we use formal
concepts as cells. This is based on the idea that any cell (A, B) which is a formal
concept has a full machine utilization and it is a maximal cell containing (A, B)
with this property. This is due to the fact that formal concepts in I correspond
to maximal rectangles in I containing black entries only. The corresponding
modification of FINDBESTCELL; can be formalized as follows:

FINDBESTCELL: (L, U, V, f)

1 s -0

2 for (C,D)e B(X,Y,I)

3 doC—CnU;D—DnNV
4 if s< f(I,U,V,C, D)

5 then

6 s — f(LLU,V,C.D); (A, B) — (C,D)
7 return (A, B)

Note that after obtaining a formal concept (C,D) € B(X,Y,I) at line 2,
the sets C' and D are restricted to the objects and attributes from the sets of
remaining objects U and attributes V only. (See line 3.) As we demonstrate in
the next section, in several cases this method can deliver results which are nearly
as good as the results obtained by the brute-force algorithm. In addition to that,
if the best possible solution to the cell-formation problem exists, solution S for
which MU(S) =1 and PE(S) = 0, it will be always found:

Theorem 1. If the cell-formation problem for I C X x Y has a solution such
that MU(S) = 1 and PE(S) = 0, this solution can be found by FINDCELLS
combined with FINDBESTCELLs.

Proof. Let f be a function such that f(I,U,V,C,D) =1if (i) (CxD)NI = CxD
(i.e., if (C, D) is a rectangle full of black entries) and (ii) ((U—C)xD)NI = () and
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(Cx(V—=D))NI = P (i.e., both (U—C)x D and C x(V —D) are empty rectangles),
and f(I,U,V,C, D) < 1 otherwise. (Such assumptions can be considered natural
requirements for f.) It is easily seen that if MU(S) = 1 and PE(S) = 0,
then for each cell (C, D) in the solution of the cell-formation problem, we have
fI,X,Y,C,D) =1 and (C, D) needs to be a maximal rectangle. Therefore, the
first cell generated by the algorithm is one the cells contained in the solution.
The rest follows directly by induction. O

Algorithm Using Dense Rectangles. If the best possible solution does not exist,
i.e., if there is no admissible solution for a cell-formation problem such that
MU(S) =1and PE(S) = 0, the method based on formal concepts may not yield
optimal results. Intuitively, there may be interesting cells which have almost full
machine utilization (i.e., MU(S) is close to 1) and low percentage of exceptional
elements. Such cell may be more useful than a cell with full machine utilization
but a higher percentage of exceptional elements.

Therefore, we modify the “cells as concepts” approach to include cells formed
of rectangles almost full of 1’s. We find such rectangles by finding formal concepts
first and then adding promising objects and attributes as long as the quality
measure of the particular rectangle increases. This leads to a modified version
of the algorithm described in the previous paragraph:

FINDBESTCELL3(I, U, V, f)
1 s« —00

2 for (E,F)e B(X,Y,I)

3 do F—ENU;F—FnNV

4 repeat

5 C—FE;D« F;r— f(I,U,V,C,D)

6 select M € U — C that maximizes f(I,U,V,CU{M}, D)
7 select P € V — D that maximizes f(I,U,V,C,D U {P})
s i £(1,U,V,CU{M},D) < f(I,U,V,C, DU {P})

9 then g — f(I,U,V,C,DU{P}); F — D U{P};

10 else ¢ f(I,U,V,CU{M},D);E— CU{M};

11 until ¢ < r

12 if s < f(I,U,V,C,D)

13 then

14 s— f(I,U,V,C,D);(A,B) — (C, D)

15 return (A, B)

Compared to the previous algorithm, a new repeat~until loop is added. The
loop searches for remaining objects and attributes which can be added to the
current rectangle (originally, a formal concept) and which increase (or do not
decrease) the quality measure.

Quality Measures. The quality of solution found by FINDCELLS combined with
any of the variants of FINDBESTCELL depends on our choice of the quality
measure f. For given I, U, V,and A C U and B C V, f(I,U,V, A, B) is the
measure of goodness of (A, B) in I. We consider quality measures which assign
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higher values to better cells. Although the notion of a “better cell” is subjective,
we can agree that in certain situations there are “best cells” with full machine
utilization (in the cell) and no exceptional elements (in the cell).

All the quality measures proposed below use percentages of machine utiliza-
tion and exceptional elements in a single cell to compute the resulting value of
f. We introduce functions ¢g(I,U,V, A, B) € [0,1] and h(I,U,V, A, B) € [0,1] as
follows:

(A x B)NI|
[Al-1B]

[((Ax (V=B)U((U—-A)xB))NnI| )

Al [V = B[+ |U - Al - |B|

Clearly, g(I,U,V, A, B) is the machine utilization of (A, B), i.e. the fraction of
black entries in the rectangle (A, B). Analogously, h(I,U,V, A, B) is the fraction
of non-exceptional elements, i.e. the fraction of white entries in the rectangles
(A,V — B) and (U — A, B). Obviously, if (A4, B) is a cell with full machine uti-
lization and no exceptional elements then g(I,U,V, A, B) = h(I,U,V, A, B) = 1.

g(I,UV, A, B) = (6)

WI,U,V,A,B)=1—

Remark 1. In the rest of this section, we fix I, U, V' and simplify the notation: For
brevity, we write just f(A, B), g(4,B), h(A, B),...instead of f(I,U,V, A, B),
gL, UV, A, B), h(I,U,V, A, B),...

We can introduce two families of quality measures which are based on weighted
arithmetic and geometric averages of g(A, B) and h(A, B). Namely, we define
¥ and f3’ as follows:

FU(A,B) = w - g(A, B) + (1 —w) - h(A, B), 8)
fY(A,B) = g(A,B)" - h(A, B) . (9)

These measures will be used in the next section.

4 Experimental Evaluation

In this section we present examples of solutions to sample cell-formation prob-
lems which we identified in the literature and provide a comparison with other
approaches. First, let us note that qualifying a solution as “good” among admis-
sible solutions is highly subjective. Usually, an expert judgment or additional
knowledge is needed to select the best solution among several ones. Second, de-
spite the computational complexity of the method we propose, the results are
obtained with acceptable response times because the data sets that appear in the
cell-formation problem domain are usually small (with |Y| around 30 or less).
In this section we focus on the effect of selecting various quality measures and
variants of the FINDBESTCELL algorithm.

Results Obtained by Variants of FINDBESTCELL Algorithm. As discussed in the
previous section, the algorithm can deliver the best solution possible if it exists.
If not, the algorithm varies based on the choice of f and FINDBESTCELL;. If one
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input machine-part data brute-force concepts dense rectangles

Fig. 1. Various quality measures used to solve the same cell-formation problem

uses FINDBESTCELLs using formal concepts as cells, we usually get an acceptable
solution which however might not be natural for a user. For instance, in Fig.[I]
we have the input data matrix (left), a brute-force admissible solution (second
from left), and a solution found by taking “formal concepts as cells” (third from
left) with f4 as the quality measure. Note that the cells in Fig.[ are depicted
by thick rectangles drawn in data tables with permuted rows and columns. For
example, the first cell in the second diagram consists of machines 0 and 11 and
parts 7, 8, and 9.

For an industrial engineer, the second solution may seem not natural because
it has more exceptional elements and it contains an “empty cell” with no ma-
chine utilization. Interestingly, if we use FINDBESTCELL3 which uses “dense
rectangles”, we obtain an admissible solution which is the same is in case of
the brute-force algorithms (first from right). We have tested the algorithms on
various artificial as well as real-world machine-part datasets and we have ob-
served that the admissible solution using “dense rectangles” produces the same
or almost as good results as the brute-force algorithm with considerable smaller
demands.

Choice of Quality Measures. The choice of a quality measure, i.e. function f,
seems to be crucial for finding a satisfactory solution. There seems to be no
single measure which works well for all datasets because the problem of finding
a “good solution” is subjective. In general, good choices seem to be f{-5 (equal
emphasis is put on utilization and exceptions) and f3’ with lower values of w
(tends to suppress exceptions). Sample results corresponding to various measures
are depicted in Fig.[2l

In Fig.2l we have used the “dense rectangles” to form the cells. Notice that
fY is trivial because all emphasis is put on no exceptional elements with no
emphasis on the utilization, i.e. a trivial solution is to have one cell covering the
entire part-machine dataset. In a similar sense, f{ produces degenerate solution
as well because the high demand of utilization leaves large amount of exceptional
elements and 4 machines are not contained in any cell. In case of this dataset,
1901 seems to produce the best solution.

Tllustrative Examples. We now show examples of (admissible) solutions to the
cell-formation problem with datasets which we identified in the literature [TU6IT4].
The solutions have been found using “dense rectangles” as cells and f3’ taken
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7 s 3 71

Fig. 2. Various quality measures used to solve the same cell-formation problem

T e [

input data 2" f2 I

Fig. 3. Various quality measures used to solve the same cell-formation problem

as the quality measure. In addition to that, we have used a quality measure
which takes into account the size of cells. The motivation is the following: an
engineer often follows not only the utilization but also the numbers of cells. As an
extreme example, it does not make much sense to have as much cells as machines
in the system, making each machine a separate cell. Therefore, we introduce the
following measure:

F*(A,B) = g(A, B) - h(A, B)* - n(1+ V/|A] - |B]), (10)

which is similar to f3” except for it multiplies the result by the size of a possible
cell, putting more emphasis on large cells. In order to avoid another extreme
(having all machines in one or just a few cells), we adjusted the quality measure
by the logarithm of the size of the edge of a possible cell. Fig. [8] contains results
for two datasets using various quality measures.
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Table 1. Comparing results from [14] with the proposed method for the 8 x 20 matrix
from Fig. B (top)

Method Cells Cell 1 Cell 2 Cell 3 Exceptional Voids
Utilization Utilization Utilization Elements

[14] 3 1 1 1 9 0
92 3 1 1 1 9 0
fa 3 1 1 1 9 0
r* 3 1 1 1 9 0

Table 2. Comparing results from [I] with the proposed method for 12 x 10 matrix
from Fig. [

Method Cells Cell 1 Cell 2 Cell 3 Cell 4 Exceptional Voids
Utilization Utilization Utilization Utilization Elements

m 3 0.8125 0.8667 0.8889 - 5 6

Brute Force 3 1 1 0.7083 - 7 7
Formal Concepts 4 1 1 1 0 12 0
Dense Rectangles 3 1 1 0.7083 - 7 7

In the first example, the measures produce practically the same solution which
can be seen as satisfactory solutions. In the second case, f92 and f* produce
similar solutions which have lower machine utilization than the solution obtained
using f4 (which has full machine utilization). On the contrary, fi has a large
number of small cells and larger amount of exceptional elements. Which of the
solutions is actually the best one depends on particular application and prefer-
ences of users. This example demonstrates that by tuning parameters of quality
functions, one can influence the solutions based on user-specified requests (i.e.,
larger utilization, smaller number of cells, etc.).

Comparison With Other Approaches. The aim of this section is to compare the
quality results obtained by other authors to the results obtained by the method
proposed in this paper. For this purpose, we use some of the datasets which we
identified in the literature. We present the comparisons by means of uniform
tables which contain the characteristics of solutions available in the literature.

The data sets used for comparisons are benchmark data problems and are
obtained from [IIGII4]. We use the comparison criteria for which the results are
available in those papers. The papers use different approaches to solve the cell
formation problem. [I] proposes a two-phase approach. The first phase makes
use of principal component analysis to identify machine cells; the second phase
uses an integer programming model to assign parts to these identified machine
cells. [6] uses a particular iterative clustering algorithm to find cells. [T4] utilizes
a similarity matrix assessing similarity between machines and uses this matrix
in an assignment procedure which solves a particular maximization problem to
form cells.
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Table 3. Comparing results from [I4] with the proposed method for 14 x 24 matrix
from Fig. 2 (bottom)

Method Cells  Cell 1 Cell 2 Cell 3 Cell 4 Cell 5 Cell 6
Utilization Utilization Utilization Utilization Utilization Utilization

[14) 4 1 0.5 0.625 0.639 - -
92 4 0.6875 0.6 0.8333 0.6667 - -
f3 7 1 1 1 1 1 1
f* 4 0.9333 0.6389 0.6875 0.6667 - -

Method Cell 7 Exceptional Voids
Utilization Elements

[14) - 4 29
92 - 2 28
f3 1 20 0
rr - 4 23

Table 4. Comparing results from [6] with the proposed method for 15 x 10 matrix
from Fig.

Method Cells Cell 1 Cell 2 Cell 3 Cell 4 Exceptional Voids
Utilization Utilization Utilization Utilization Elements

6] 3 0.8125 1 0.9333 - 0 4
9013 1 0.9333 0.85 - 0 4
12 4 1 0.9333 1 1 6 1
fa 3 1 1 0.85 - 2 3

Table [[, Table 2, Table Bl and Table [ contain the comparisons. For every
table, we provide a reference to the paper from which we got the dataset and
the characteristics of the solutions obtained by the authors in the respective
paper. For every solution listed, we provide the number of cells in the solution,
machine utilization for every cell, the number of exceptional elements (black
entries in the data matrix which are not covered by any cell), and the number
of voids (white entries in the cells).

5 Conclusions

We presented a new method for the cell-formation problem known from the group
technology. The method is inspired by formal concept analysis. We provided
results of experiments and a basic comparison with other methods presented in
the literature. One advantage of our method is that it is transparent in that
it does not use any preprocessing method (such as the principal component
analysis) which some of the methods in the literature use. Another advantage
is the fact that our method is parameterizable and yields solutions based on
user’s preference regarding the importance of machine utilization and exceptional
elements, as well as the overall number of cells.
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Future research will include more comprehensive comparison with existing
approaches; exploring the possibility to add interactivity to the method via a
visual inspection of the concept lattice associated to the input data (the user
might give some initial information to the algorithm based on such inspection);
and extending our method to be able to take into account in a natural way the
user’s expert knowledge and preferences. In addition, we plan to explore other
approaches to dense rectangles which appeared in the literature (suggested by
an anonymous reviewer).
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Abstract. This paper describes a method to identify so-called ecological
traits of species based on the analysis of their biological characteristics.
This biological dataset has a complex structure that can be formalized
as a fuzzy many-valued contexrt and transformed into a binary context
through histogram scaling. The core of the method relied on the con-
struction and interpretation of formal concepts and was used on a 50
species X 124 histogram attributes table. The concepts were analyzed
with the help of an hydrobiologist, leading to a set of ecological traits
which were inserted in the original context for validation.

Keywords: Galois lattice, fuzzy many-valued context, histogram scal-
ing, hydrobiological data.

1 Introduction

Water quality is an important problem in Europe that has been highlighted
by the recent European Water Framework Directive [I]. An important issue is
the evaluation of the quality of the whole ecosystem wrt pressures it endures
(chemical pollution, buildings, lack of water...). In France, for example, running
waters are qualified with physico-chemical and biological tools. Contrarily to
physico-chemical tools, biological tools give global informations on the ecosystem
and keep signs of fugitive pressures such as punctual pollutions. However their
results are difficult to compare because they are based on compartmented and
regionalized expertises. A particular problem is that biological tools are based
on species (plants, fishes ...) living in different areas, which prevents from a large
comparison of the existing tools. Thus, biological as well as physico-chemical
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tools seem not to be sufficient and new tools are needed to evaluate the whole
ecological system [1].

The work presented in this article is part of a wider project that aims at com-
paring biological answers concerning various pressures endured by water bodies
[2]. We are exploring a promising approach that is to build sets of ecological
traits which characterize the functioning of the species within their environment
and can be used instead of the species themselves [3]. Several ecological traits
have been described [4] and the main problem is to select the suitable traits for
characterizing water quality. The goal of this paper is to present a full approach
- based on FCA - to identify those traits from the analysis of biological data
(namely biological traits) about species [5].

We explored these data with Formal Concept Analysis [6], [7], [§]. We have
chosen to use Galois lattices because they are useful tools for extracting knowl-
edge [9] and allow to interact with an expert. The goal is to find concepts, i.e.
sets of biological traits shared by a group of species, which can be interpreted
according to the ecosystem, and so lead to ecological traits. The whole method
to identify ecological traits from species and their biological traits is illustrated
on Fig.[1

Context conversion

Fuzzy many-
valued context Histogram

Binary context i
) - Lattice
( species x biological scaling | (species x biological

raits x modalitiesx : )
affinities ) histogram-traits )

Concept analysis
species A} + ~ (Species A, Concepts
e{nVFiJronmen}t > biological traits B)
{ecological traits C}| 'Merpretation concepts selection

Validation

Enlarged binary

Dataset context
- lattice
upgrading ( species x (biological
+ ecological)
histogram-traits )

(species A',
biological traits B' + | qoCnceP!S |
ecological traits C) | ggiection
concepts

Validation

Fig. 1. Identification method for ecological traits
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The method is divided in 3 steps: context conversion, concept analysis and
validation. For the purpose of context conversion, we will introduce the defini-
tions of fuzzy many-valued context, which represents a formal setting for hydro-
biological data, and that of histogram scaling which is used to transform these
data to get a binary context. From this binary context a lattice is built. In the
second step, concepts potentially interesting for an expert interpretation are se-
lected. The expert interprets them by associating their species with ecological
traits according to the knowledge of the species environments. Then starts the
third step that aims at validating the ecological traits highlighted. They are
thus added to the initial context and a new lattice is built. Concepts are se-
lected from the enlarged lattice to find those with an extent matching the extent
of the concepts selected at the previous step. The selected ecological traits are
validated by comparing the intents of the concepts of the lattice based on bi-
ological traits with the intents of the lattice based on biological and ecological
traits.

This article describes the whole process for the identification of ecological
traits and is organized according to the successive steps of the method. The
first part presents the dataset of biological traits and its conversion into a bi-
nary context. The second part is about concept analysis with a selection of the
appropriate concepts and their interpretation. The third part presents the vali-
dation step of the method and the last part gives some conclusions.

2 Framework and Context Conversion

This part presents the first step of the method. First, we introduce the hydrobio-
logical dataset. Then we recall some definitions to introduce two new definitions:
fuzzy many-valued context, and histogram scaling. Finally we present the lattice
obtained.

2.1 Dataset

The dataset concerns macrophytes (or hydrophytes) i.e. macroscopic plant
species living in water bodies. These data have been collected from the liter-
ature [5], [4] and correspond to species living in the Alsace plain. There are 50
species and each of them has 10 characteristics called ¢raits. For example, Tab.[I]
shows the vegetative reproduction trait for a 25 species subset of the dataset.

Each trait is divided into several modalities: the modality bulb or tubercle
is one of the four modalities of the vegetative reproduction trait. There are 35
modalities for the 10 traits. For each m modality of a trait and each s specie, there
is an affinity corresponding to the percentage of plants of s potentially having
the m value. For example, Tab. [[l shows that individuals of GROD (Groenlandia
densa) have a vegetative reproduction mainly through a bulb, a tubercle, a
rhizome or a stolon, but none have a bulbil, a turion or a dormant apex and
some have non specialized fragments.
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Table 1. Vegetative reproduction trait of half the dataset

Traits Vegetative reproduction
Modalities  bulb or  Rhizome bulbil, turion non specialized
tubercle or stolon or dormant apex fragments
ALIP 0 100 0 0
BERE 0 66 0 33
CALO 0 0 0 100
CALP 0 0 0 100
CARA 0 100 0 0
CERD 0 0 50 50
ELEA 0 100 0 0
ELOC 0 0 50 50
ELON 0 0 33 66
GROD 40 40 0 20
HIPV 0 66 0 33
HOTP 0 50 0 50
HYDM 0 50 50 0
IRIP 25 25 0 50
JUNA 0 100 0 0
LEMM 0 0 100 0
LEMT 0 0 100 0
MENA 0 100 0 0
PHAA 0 100 0 0
PTCR 0 40 40 20
PTLU 0 66 0 33
PTNA 0 50 25 25
SEFC 0 100 0 0
TYPL 0 100 0 0
UTRV 0 0 50 50

2.2 Fuzzy Many-Valued Contexts

The structure of the previous dataset can be considered as a fuzzy context or
as a many-valued context. We introduce thus the notion of fuzzy many-valued
context, which is defined in the following. Let us first recall the definition of a
formal context [g].

Definition 1. A formal context K := (O, T, I) is composed of two sets O and
T and a relation I between O and T. The elements of O are called the objects
and the elements of T are called the traits (or attributes). In order to express
that an object o is in relation I with a trait t, we write olt or (o,t) € I and read
it as "the o € O object has the t € T trait”.

This notion has been extended in [I0] to deal with fuzzy data. Fuzzy data al-
low to represent a fuzzy relation between an object and a trait, or said in a

1 'We use OTT instead of GMI, OTMI instead of GMWI to recall the Traits and
Modalities sets used.
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different way, the affinity of an object towards a trait. The underlying context
is then called a fuzzy context.

Definition 2. Let A be a set of truth degrees. Then a fuzzy context is a triplet
K = (O,T,I) where O and T are sets of objects and traits respectively, and
I:0XxT — A is a fuzzy relation between O and T. A degree I(o,t) € A is
interpreted as the degree to which the o object has the t trait.

The definition [ of a formal context is a specific case of the definition [2] where
I:0xT — {0,1}. The notion of formal context has also been extended in
another way in [§] to deal with multi-valued data. Such contexts are called
many-valued contexts.

Definition 3. A many-valued context K is defined as a quadruple (O, T, M, 1),
where O is a set of objects, T is a set of many-valued attributes called traits, M is
a set of trait values called modalities, and I is a ternary relation, I C O xT x M
such that: (o,t,m) € I and (o,t,n) € I always implies m = n. The notation
(o,t,m) € I (or t(o) = m) means that the t attribute has the m value for the o
object.

Nevertheless some data exhibit both aspects. This is the case for our dataset
so that we have defined fuzzy many-valued contexts, which extend many-valued
contexts to the case where (0,t,m) € I and (0,t,n) € I do not imply m = n: the
m and n modalities of the ¢ trait belong to the o object with different degrees. In
our dataset, for example, the 'non specialized fragments’ and ’rhizome or stolon’
modalities of the ’vegetative reproduction’ traits both belong to the GROD
object with (respectively) a 20% and a 40% affinity.

Definition 4. A fuzzy many-valued context K is a quintuplet (O, T, M, A,I)
where O, T, M and I are defined as for the many-valued context, A is a set of
affinities and corresponds to a set of truth degrees as for a fuzzy context. The
notation I(o,t,m) € A or I(o,t,m) = a means the o object has the a affinity for
the m modality of the t trait.

2.3 Histogram Scaling

Conceptual scales [11], [I2] have been defined in order to deal with increasing
amounts of data and many-valued contexts. They consist in grouping related
attributes. [13] defines a conceptual scale for a ¢ many-valued attribute as a one-
valued context which has the attribute values of ¢ among its objects. A scale
may be associated to each ¢t many-valued attribute, and ¢ is replaced by the set
of its scale attributes. Each value of t is substituted by the corresponding row
of the scale.

The aim of our work is to build a Galois lattice from the hydrobiological
dataset in order to extract valuable concepts describing groups of species with
common properties. For that purpose we need to put the data in a suitable format
corresponding to the definition of a binary context. In a previous work [14], the
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Fig. 2. Examples of histograms for the Vegetative reproduction trait

nominal scaling was tested, but the results were not satisfying for the biologists,
because the modalities of a same trait were scattered into several attributes. We
also tested another approach which took into account the biological meaning of
the data, and which turned out to be relevant. The various modalities of a trait
were therefore merged into a single multi-valued attribute and a (non-fuzzy)
many-valued context was built, to which a nominal scaling was applied. The
whole conversion we named histogram scaling.

Definition 5. Let K := (O,T,M,A,I) be a fuzzy many-valued context. For
each t € T trait having m; modalities, we associate a Hy [ set of histogram-traits
(called histograms). An hy € Hy histogram is such that hy = {a1, ..., a5y ..., Qm, }
where a; € A. Let H = Uper Hy be the set of all histograms. The K fuzzy many-
valued context can be represented as a (O, H,Iy) binary context. For an o € O
object and an hy € H histogram, (o, hy) € Ig < I(o,t,m;) = a; for alli € [1,my].

An hy € H histogram is composed of a letter to qualify the considered ¢ trait (by
example V for Vegetative reproduction), and of the m; affinities of the consid-
ered object for the m; modalities of ¢. Fig. Rlillustrates Vegetative reproduction
modalities for GROD and PTNA (Potamogeton natans) species. For the bulb
or tubercle modality, GROD has 40% affinity and PTNA 0%, for the Rhizome
or stolon modality, GROD has 40% affinity and PTNA 50%, for the bulbil, tu-
rion or dormant apex modality, GROD has 0% affinity and PTNA 25% and
for the non specialized fragments modality, GROD has 20% affinity and PTNA
25%. So their Vegetative reproduction histogram are V40-40-0-20 for GROD and
V0-50-25-25 for PTNA.

*|H| <A™
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2.4 The Galois Lattice of Histograms

The context resulting from the histogram scaling relies on an Iy binary relation,
which associates a unique h; € H; to each specie since the histograms mutually
exclude each other. So each specie has 10 histograms, i.e. one per trait. Tab.
shows the Vegetative reproduction trait of the new context obtained by histogram
scaling for a 25 species subset. The whole converted dataset is composed of 124
histograms. On average, this means that an histogram is shared by 4 species. A
X indicates that a specie fits the characteristics represented by the corresponding
histogram.

Fig[Bl shows the lattice obtained with the ordinary Galois connexion [8] from
the (O, H, I) context of histograms (25 macrophytes x 10 traits).

Table 2. Vegetative reproduction histogram of the converted dataset for 25 species

=
e
Z
>
X
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Fig. 3. Galois lattice for the 25 macrophytes subset
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Fig. 4. Second part of the method : analysis of the formal concepts

3 Analysis of the Formal Concepts

Our aim is to interpret concepts with respect to expert knowledge on species
environment in order to highlight ecological traits which link the species and
the characteristics of the environment where they live. Such information exist
in the literature but hydrobiologists look for the most appropriated traits to
evaluate water quality. Thus they need to know the relations between species
and their biological traits to associate them to ecological traits. In this section
we present the method to determine these traits as shown on Fig. @ the choice
of the interesting concepts, their analysis and the conclusions obtained in terms
of ecological traits.

3.1 Concept Selection

The Galois lattice gives all possible concepts for sets of species and their com-
mon biological descriptions. The concepts in the middle of the lattice are more
meaningful for biologists, i.e. those containing between 3 and 5 histograms, which
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usually corresponds to a number of species between 3 and 7. Concepts with more
species are too general and cannot be linked to specific environmental conditions
whereas concepts with less species are too specific and give no information. Let
us describe two of the 'middle’ concepts:

[] Concept 1: (JUNA SEFC TYPL, L100-0 H0-100 P100-0-0 V0-100-0-0 D100-
0-0), illustrated in Fig. Bl The species considered are Juncus articulatus,
Sparganium emersum, Typha latifolia. The traits they share are an annual
flowering (L100-0), a phenology during the vegetative period only (H0-100),
perennial organs (aerial or underground) (P100-0-0), a vegetative reproduc-
tion by rhizomes or by stolons (V0-100-0-0) and a high dispersion (with small
flying seeds) (D100-0-0).

[] Concept 2: (CERD PHAA PTCR PTLU PTNA UTRYV, H0-100 F0-0-0-100
P100-0-0). This concept concerns Ceratophyllum demersum, Phalaris arun-
dinacea, Potamogeton crispus, Potamogeton lucens, Potamogeton natans,
Utricularia vulgaris macrophytes. Their common properties are a phenol-
ogy during the vegetative period only (H0-100), an high flexibility (> 300°)
(F0-0-0-100) and perennial organs (aerial or underground) (P100-0-0).

3.2 Expert Interpretation: From Biological to Ecological Traits

On the one hand, the Galois lattice gives us concepts, i.e. relations between
biological traits and species. On the other hand, the hydrobiologist gives us
knowledge on the relation between species and ecological traits which are infor-
mation on the environment where they live. Based on the species sets extracted
from the lattice, the expert analysis determines the common characteristics of
the ecosystems where the species live. For example :

[] Concept 1: these species live in mesotrophic to eutrophic water.
[] Concept 2: these species live in calm water surfaces.

These conclusions reveal the need for ecological traits describing the tolerance
of species to trophic status and flow.

Actually, from the common characteristics found in the concepts, five ecolog-
ical traits and their modalities are determined that are potentially useful for
water quality evaluation:

[] water level stability: stable, fluctuations, occasionally
[] resistance to flow: no tolerance, weak, medium, strong
[] tolerance to organic matter: <10%, 10-40%, >40%

[] tolerance to sedimentation (deposition or accumulation of mineral or organic
matter): suffocated plant, medium root, strong root

[] trophic status (pertaining to nutrition): oligotrophic, mesotrophic, eutrophic,
hypertrophic.
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Fig. 5. Last part of the method : validation

4 Validation

In the biological literature, many ecological traits exist. The approach provides
a selection of the most suitable ecological traits (and modalities) to describe
alsacian species. The steps of the method already described lead us to five eco-
logical traits. We present a validation approach of these choices with the three
last steps of the method shown in Fig. Bl

4.1 Dataset Upgrading

Actually every specie is concerned by the ecological traits (with its own affinity),
not only the ones belonging to the concept(s) which pointed out the ecological
trait. So the ecological traits identified and their modalities are added to the
dataset, based on [4]. Until now, 46 species are fully completed.

The lattice built from the enlarged context (biological and ecological traits)
is shown on Fig. [f] and corresponds to the 25 species subset. The highlighted
concept corresponds to concept 2 presented in section Bl

4.2 Validation of the Method

We have two pieces of information. The first comes from the lattice and con-
cerns the relations between species and biological traits. The second comes from
the expert and concerns the relations between the species and ecological traits.
According to these informations, we should obtain relations between the biolog-
ical and ecological traits of species, thus eliminating the species. For the two
examples:

[] Concept 1: we should put into relations annual flowering, phenology during
the vegetative period only, perennial organs, vegetative reproduction by rhi-
zomes or by stolons and high dispersion (biological traits) with mesotrophic
to eutrophic water (ecological traits)
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Fig. 6. Galois lattice for the 25 macrophytes subset, 10 biological and 6 ecological traits

[] Concept 2: we should put into relations phenology during the vegetative
period only, high flexibility and perennial organs (biological traits) with calm
water surfaces (ecological traits)

In order to validate our process, we need to verify this reasoning. So we analyze
the concepts from the lattice of biological and ecological traits to check the rela-
tions between them. Besides, we can verify the expert knowledge about species
and their ecological traits.

4.3 Application
We will illustrate this step with the two concepts:

[] Concept 1: The intent of the corresponding concept in the enlarged lattice
includes new histogram attributes that confirm expertise exactly: 10-50-50-0
and E0-0-100.

e 10-50-50-0 attribute means that the individuals of each of these species
are fairly spread between mesotrophic and eutrophic waters.

e The lattice indicates that these species share the E0-0-100 histogram
too, which means they have a constant implanting. This information is
revealed by the lattice.

[] Concept 2: The 6 species of the concept do not share the same ecological
traits. Only 4 species share the attributes A66-33-0 and U100-0-0-0, as illus-
trated in Fig.

e The A66-33-0 attribute means that each of these species have 66% of
their plants living in stable water, 33% live in water having fluctuations.
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This trait fits the expertise, which states that species live in calm water,
for the 4 following species : CERD, PTCR, PTLU and UTRV. PTNA
has the A40-40-20 attribute, indicating it lives mainly in calm water too
for 80% of its plants, which is close to the expertise. On the contrary,
PHAA has the A0-50-50 attribute which disagrees with the expert.

e The U100-0-0-0 attribute indicates the 4 species (CERD, PTCR, PTLU
and UTRYV) dislike variations of water level. PTNA still quite agrees (U0-
100-0-0) : it bears small variations contrarily to PHAA which endures
easily important variations (U0-0-0-100).

These examples illustrate that the lattice not only confirms expert indications
(biological and ecological traits are associated such as indicated by the expert)
but brings some accuracy such as for the PHAA specie. It also reveals more
relations between species and ecological traits. Actually the expert gave general
ecological trait for groups of species. When the data were collected from [4],
specific values were given for all traits and all species, which were pointed out
by the lattice. Finally, the results proved to be valuable and we obtained sets of
ecological and biological traits that can be further analyzed.

5 Conclusion and Future Work

This article presents an approach to bypass the problem of biological tools used
to qualify water quality, which depend on species which do not live in every place
where water quality is measured. The purpose is to identify sets of ecological and
biological traits to be used instead of the species.

The method consisted in analyzing first biological traits of species. The dataset
was converted by histogram scaling for building a Galois lattice. This tool was
chosen because it provided us with concepts of species and their common traits.
These concepts were analyzed by an expert to reveal relations between species of
the selected concepts and ecological traits (from their environment). Then these
ecological traits were added to the database and filled according to biological
literature and expert knowledge. The concepts from the enlarged lattice were
examined to validate the process and to reveal sets of biological and ecological
traits. Actually we found again the information given by the expert. Furthermore,
the lattice gave more accurate and larger information because it was based on
several expertises.

Finally this method appeared to be reliable for the hydrobiologists. The future
works are to extract association rules between biological and ecological traits,
and to apply this method to other biological data used to qualify water quality,
such as the invertebrate compartment. This will be a more complex operation
because the invertebrate species are considered with several taxonomical degrees,
contrarily to the macrophytes. Furthermore, we intend to develop specific Galois
connections, such as proposed in [15], to deal with the histogram format and thus
better handle fuzzy many-valued contexts within the FCA framework.



236 A. Bertaux et al.

Acknowledgments

A. Bertaux, F. Le Ber, A. Braud and M. Trémoliéres thank the Agence de ’'Eau
Rhin Meuse and the Région Alsace for supporting this work.

References

1. Bazerques, M.-F.: Directive-cadre sur ’eau: le bon état écologique des eaux douces
de surface, sa définition, son évaluation. Communication au Ministére de ’écologie
et du Développement Durable, Paris (2004)

2. Grac, C., Le Ber, F., Braud, A., Handja, A., Hermann, A., Lachiche, N., Tré-
moliéres, M.: Mining a database on Alsatian rivers. In: Proceedings of the seventh
International Conference on Hydroinformatics HIC (2006)

3. Lafont, M.: A conceptual approach to the biomonitoring of freshwater: the Ecolog-
ical Ambience System. Journal of Limnology 60(suppl. 1), 17-24 (2001)

4. Willby, N.J., Abernethy, V.J., Demars, B.O.L.: Attribute-based classification of
European hydrophytes and its relationship to habitat utilisation. Freshwater Biol-
ogy 43(1), 43-74 (2000)

5. Staerck, J.-F.: Analyse des traits biologiques de macrophytes aquatiques en relation
avec des perturbations types. Mémoire de licence professionnelle ULP - ENGEES
- CEVH (2005)

6. Barbut, M., Monjardet, B.: Ordre et classification - Algébre et combinatoire. Ha-
chette, Paris, France (1970)

7. Davey, B., Priestley, H.: Introduction to Lattices and Order. Cambridge University
Press, Cambridge (1990)

8. Ganter, B., Wille, R.: Formal Concept Analysis: Mathematical foundations.
Springer, Heidelberg (1999)

9. Napoli, A.: A smooth introduction to symbolic methods in knowledge discovery.
In: Cohen, H., Lefebvre, C. (eds.) Categorization in Cognitive Science. Elsevier,
Amsterdam (2006)

10. Belohlavek, R., Vychodil, V.: What is a fuzzy concept lattice? In: 3rd Int. Confer-
ence on Concept Lattices and Their Applications, pp. 34-45 (2005)

11. Ganter, B., Kuznetsov, S.: Pattern Structures and Their Projections. In: Proceed-
ings of the 9th International Conference on Conceptual Structures, pp. 129-142
(2001)

12. Stumme, G.: Hierarchies of Conceptual Scales. In: Proceedings of Workshop on
Knowledge Acquisition, Modeling and Management (KAW 1999), Banff, pp. 78-95
(1999)

13. Ganter, B., Wille, R.: Applied Lattice Theory: Formal Concept Analysis. In:
Griatzer, G. (ed.) General Lattice Theory. Birkhduser, Basel (1997)

14. Bertaux, A., Le Ber, F., Braud, A., Trémoliéres, M.: Mining Complex Hydrobiologi-
cal Data with Galois Lattices. International Journal of Computing and Information
Sciences (to appear)

15. Polaillon, G.: Organisation et interprétation par les treillis de galois de données de
type multivalué, intervalle ou histogramme. Thése de doctorat, Université Paris IX
Dauphine (1998)



A Concept Lattice-Based Kernel for SVM Text
Classification

Claudio Carpineto, Carla Michini, and Raffaele Nicolussi

Fondazione Ugo Bordoni, Rome, Italy
{carpinet,cmichini,rnicolussi}@fub.it

Abstract. Standard Support Vector Machines (SVM) text classifica-
tion relies on bag-of-words kernel to express the similarity between doc-
uments. We show that a document lattice can be used to define a valid
kernel function that takes into account the relations between different
terms. Such a kernel is based on the notion of conceptual proximity be-
tween pairs of terms, as encoded in the document lattice. We describe
a method to perform SVM text classification with concept lattice-based
kernel, which consists of text pre-processing, feature selection, lattice
construction, computation of pairwise term similarity and kernel matrix,
and SVM classification in the transformed feature space. We tested the
accuracy of the proposed method on the 20NewsGroup database: the
results show an improvement over the standard SVM when very little
training data are available.

1 Introduction

Kernel-based learning methods are being actively investigated because they per-
mit to decouple the problem of choosing a suitable feature space from the design
of an effective learning algorithm. The idea is to use a linear algorithm to solve
a non-linear problem by mapping the original features into a higher-dimensional
space where the linear algorithm is subsequently used. A key enabling factor is
that kernel methods exploit inner products between all pairs of data items and
that such products can be often computed without explicitly representing the
transformed, high-dimensional feature space.

Support Vector Machines (SVM) is probably the best known learning algo-
rithm based on kernel, with text classification being one of its most natural
applications because retrieval techniques are based just on the inner-products
between vectors. While SVMs with bag-of-words kernel have shown to perform
well ([10], [12]), they are limited by their inability to consider relations between
different terms. If, due to the vocabulary problem, two documents refer to the
same issue using different terms, such documents would be mapped to distant
regions of the transformed feature space.

The question is whether it is possible to define a semantically-enriched docu-
ment similarity measure and to embed it in a kernel-defined feature space. This
issue has been addressed in a few earlier works, mainly using latent semantic
indexing [6] and WordNet [16] as knowledge sources. Our work is in the same

S. Ferré and S. Rudolph (Eds.): ICFCA 2009, LNAI 5548, pp. 23 20009.
© Springer-Verlag Berlin Heidelberg 2009
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research line, with the difference that we take an approach based on formal
concept analysis.

We use a document lattice (i.e., the concept lattice associated with the train-
ing documents) to discover relations between the terms in the documents. The
relation between two terms is determined using the shortest path (topological
distance) between the corresponding attribute concepts in the document lattice;
the closer the two attributes are to each other, the greater their semantic rela-
tion. Such relations between terms can then be easily incorporated into a valid
document similarity kernel function, i.e., such that it can be rewritten as an
inner product K(z,y) = (¢(x),¢(y)) for some ¢ : X — F defining a feature
space.

Note that although document lattices have been used in several information
retrieval tasks, this is the first attempt, to the best of our knowledge, to in-
vestigate the potentials of a concept lattice-based kernel for text. Likewise, the
exploitation of structural interdocument similarities to expand the document
representation is a novel approach to defining semantic kernels for text.

Following this idea, we have implemented a full SVM text classification system
with concept lattice-based kernel. It consists of several steps, namely text pre-
processing, feature selection, lattice construction, computation of pairwise term
proximity and kernel matrix, and finally SVM classification in the transformed
feature space. Each step is described in detail in the paper.

The proposed method has been evaluated by comparing its accuracy to that
of SVM with standard kernel. We used the 20 NewsGroup dataset and simu-
lated critical learning conditions with little training data. We found that in this
situation the concept lattice-based kernel was more effective.

The remaining of the paper has the following organization. We first introduce
SVM and kernels for text, showing the general formulation of a document sim-
ilarity function used as a kernel. Then we present our specific kernel function
based on pairwise term proximities extracted from a document lattice, and we
describe the full SVM text classification system in which it has been been em-
bodied. The next sections are about experimental results and related work. We
finally offer some conclusions and future research directions.

2 SVM and Kernels for Text

Let us define {(d;, ¢;),i = 1...1} the training set for a binary classification prob-
lem, where each d; is a document described by a set of terms and ¢; is either
1 or -1, indicating the class to which the document d; belongs. Support Vector
Machines construct the separating hyperplane that maximizes the margin be-
tween the two sets of document vectors, i.e., such that it hat has the largest
distance to the neighboring documents of both classes. From the definition of
Support Vector Machines and the kernel theory ([I7], [I5]), the decision function
is defined as:

l
fd) = sgn(Z a; ¢; K(d,d;) +b) (1)
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where d is the document to be classified, the vector v and the scalar b are the
parameters of the maximum margin hyperplane, and K is a document similarity
function that satisfies the Mercer’s condition. The Mercer’s condition states that
the Gram matrix G = K(d;,d;),Vi,j = 1...[, must be symmetric and positive
definite. Under this condition, the function K is a valid kernel.

One of the most popular (Mercer) kernels is the linear kernel, which corre-
sponds to the mapping ¢(d) = d. Using the bag-of-words model, the feature
space is defined by the terms used to index the documents, and the linear kernel
is given by the inner product between the document feature vectors, i.e.

K(dy,dy) = (dy,dy) = d¥dy (2)

where T'D = [d;..d;] is the classic term by document matrix, whose columns are
the documents and whose rows are the terms. Each element T'D(4, j) is equal to
the number of occurrences of term ¢ in document j, or to a term weight which best
reflects the importance of each term in each document. In general, the matrix
TD is sparse, as the fraction of elements for which T'D(i,7) = 0, meaning that
term ¢ is not contained in document j, is very high. With this model, the Gram
matrix is just the document by document matrix G = TDTTD.
Another classical kernel is the Gaussian kernel, which is given by:

K(dy,d2) = exp (— v ||di — da]?) (3)

It can be shown that a Gaussian kernel performs a mapping into an infinite
dimensional space, which can better handle the case when both classes are not
linearly separable in the input space and often yields better performance than
the linear kernel.

Instead of using the bag-of-words model with the original input features, it
is possible to consider a linear mapping of the document vectors ¢(d) = Pd,
where P is any appropriately shaped matrix. In this case, a valid (linear) kernel
is given by:

K(dy,dy) = dF PT P d, (4)

because the corresponding Gram matrix is symmetric and positive definite
[6]. The matrix P typically encodes pairwise term similarities, thus implying
that the mapping ¢(d) = P d allows to represent each document not only by
its original terms but also by the terms that are related to each of them. For
example, if a document is indexed with only the first element of the term index,
and the second term of the index is highly related to the first one, then the
second component in the mapped document vector will be increased from zero
to a positive value. In a sense, this amounts to performing a semantic smoothing
of the original features via document expansion.

Note also [16] that the the linear transformation expressed by the mapping
¢(d) = Pd can be used to redefine a gaussian kernel according to the semantic
smoothing, i.e.:

K(dy,dp) = exp (— v ||(dy — d2)" P" P (dy — dy)|[?) (5)
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By varying the matrix P one can obtain different transformations of the docu-
ment feature space, which can be traced back to various document representation
models. In the next section we describe a term similarity matrix based on the
conceptual proximity between terms in a document lattice.

3 A Kernel Based on Document Lattice

Let D be the set of (training) documents, T' the set of terms describing the
documents, and T'D the term by document matrix. Consider the ordered set
(C(D, T, TD); ==<) formed by the set of concepts of the context (D,T,TD)
along with the nearest neighbour relation (><), i.e., for z,y € C(D,T,TD),
x =<y if x >y or y = x. Define the concept distance between concepts x and
y as the least n € N for which the following condition holds:

320, 21, -+ 2n € C(D,T,I); ==<) such that x = 29 =< 2z1... =< 2z, = v.

Consider now two terms (¢1,¢2),¢; € T'. The term distance between t1 and ¢ is
given by the concept distance (as defined above) between the two corresponding
term concepts (t7,t/) and (t5,t}), expressed by the standard prime and double
prime operators.

Note that we remove the top and the bottom elements of the document lat-
tice before computing the pairwise term proximities, because such concepts do
not have a real meaning (even when the intent of the top concept is not empty
it does not bear any information) and they may short-circuit conceptually dis-
tant concepts. The top element of the lattice is especially critical because term
concepts are typically co-atoms.

The found relations have an intuitive meaning in terms of the properties of
near concepts on the document lattice. A zero term distance means that the
two terms always occur together in the documents (i.e., their mutual informa-
tion is maximum). Distance equal to 1 means that there is a term « in the pair
that always co-occurs with the other term b (i.e., the conditional probability
of a given b is equal to 1). Distance 2 means that either term a always co-
occurs with term b and there is some other term c that co-occurs with b more
frequently than a (i.e., when a is a nephew of b), or (when they have a child
in common) that a and b co-occur in one or more documents and there is no
other term that co-occurs with either a or b in a superset of such documents.
And so on.

The proximity between two terms is inversely related to their distance. In or-
der to find the proximity matrix P, we normalize the distance values by dividing
by their maximum and then we subtract the normalized values from 1.

As an illustration, consider the simple context for vertebrate animals in Ta-
ble[I} each row can be seen as a document and each column as an indexing term
(possibly formed by multiple words). We first show in Table [2] the bag-of-word
kernel matrix, computed with equation 2l The kernel values shown in Table
have been normalized to take into account the different length of documents,
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Table 1. A context for vertebrate animals

breathes can has has has lives in vivipar- produces

in water fly beak hands wings water ous light
@ ®) (@ @ @ 6 @ O
1 Bat X X X
2 Eagle X X X
3 Monkey X X
4 Parrot fish X X X
5 Penguin X X X
6 Shark x x
7 Lantern fish X X X

Table 2. Bag-of-words kernel matrix for the context in Table [0 (the matrix is sym-
metric)

12 3 4 5 6 7
11 0,666667 0,408248 0 0,333333 0 0
2 1 0 0,333333 0,666667 0 0
3 1 0 0 0 0
4 1 0,666667 0,816497 0,666667
5 1 0,408248 0,333333
6 1 0,816497
7 1
by using: K(di,ds) = I dfllﬁfizll' Note that when two animals do not have any

property in common their kernel value is always equal to O.

We now turn to the illustration of the concept lattice-based kernel. We show
in Figure [T the concept lattice built from the context in Table[Il and we report in
Table Bl the pairwise term distances derived from the concept lattice in Figure [Tl
after the removal of its top and bottom element. For instance, the distance
between terms (g) and (e) is equal to 3, because the shortest connecting path is:
(13,g) ><(1,beg)>=<(12,be)><(125,e).

The proximity matrix is shown in Table[d The found conceptual proximities
are meaningful. For instance, the most related terms are: (e) and (b) (i.e., ‘has
wings’ and ‘can fly’), (f) and (a) (i.e., ‘lives in water’ and ‘breathes in water’),
(g) and (d) (i.e., ‘viviparous’ and ‘has hands’), (h) and (a) (i.e., ‘produces light’
and ‘breathes in water’); note that the last relation is due to the fact that the
only animal in the given context who produces light is a fish. The most unrelated
terms are: (d) and (a) (i.e., ‘has hands’ and ‘breathes in water’), and (h) and
(g) (i-e., ‘produces light’ and ‘viviparous’).

Turning to pairwise document similarity, the concept lattice-based kernel ma-
trix for the animal context can be computed with equation [ using the proximity
matrix in Table @ The normalized kernel values are shown in Table

Due to the implicit relationships between terms, two documents may have a
varying degree of similarity even when they share the same number of terms
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lives
in water

is
viviparous

breathes
In water

produces
light

Fig. 1. Concept lattice for the context of Table [l with minimal labelling

Table 3. Distances between pairs of the attributes in Table[I] derived from the concept
lattice in Figure [l (the matrix is symmetric)

abcdefgh
a0639518 1

b 0331527
c 06225 4
d 048110
e 0436
f 07 2
g 09
h 0

(e.g., according to Table B ‘bat’ is more similar to ‘eagle’ than to ‘penguin’,
although ‘bat’ has two terms in common with both ‘eagle’ and ‘penguin’), or
if they do not share any term (e.g., ‘eagle’ is more similar to ‘monkey’ than to
‘shark’).

A less obvious result is that the pairwise similarities in Table [}l may be rel-
atively high even when the two documents are apparently very different (such
as with ‘eagle’ and ‘lantern fish’) and that most values are distributed in the
upper part of the range. This is probably due to the characteristics of this par-
ticular context, because each animal does not neatly fit in one class and shares
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Table 4. Pairwise term proximities derived from corresponding distances in Table [3]
(the matrix is symmetric)

ab ¢ d e f g h
2a1040.70.1050.90.20.9

b 1 0.70.70.90.50.80.3
c 1 0.40.80.80.50.6
d 1 060209 0
. 1 0.60.70.4
£ 1 0308
e 1 0.1
h 1

Table 5. Concept lattice-based kernel matrix for the context in Table[l (the matrix is
symmetric)

1 2 3 4 5 6 7
110,978114 0,95642 0,809072 0,914123 0,740581 0,704969

2 1 0,878241 0,908368 0,976945 0,855411 0,827088
3 1 0,627978 0,769209 0,545051 0,502219
4 1 0,976284 0,993071 0,98505
5 1 0,944986 0,92595
6 1 0,998065
7 1

resemblances to animals in other classes. Indeed, this example was originally
given to illustrate the fact that several reasonable clusters can be formed out
of a set of vertebrates in addition to the standard vertebrates groups, and thus
it is probably not the best choice as an example for a classification task. On
the other hand, this observation suggests that more analysis is needed to check
whether the high similarity values may also be attributed to the specific notion
of proximity used in our approach, which may be overly unconstrained. This
issue deserves more attention and is left for future work, as alternative criteria
are available to measure the distance between concepts in a concept lattice (see
Section [6.2]).

Before concluding this section we would like to point out that a different ap-
proach to finding a concept lattice-based kernel is conceivable. The key idea is that
a document lattice can be used to find a conceptual similarity exactly at the doc-
ument level, thus ignoring the similarities between the single terms describing the
documents. One could merge the document to be classified on the concept lattice
of training documents, and then compute the distance between the found concept
and each training document concept. This approach is appealing since, unlike the
concept lattice-based kernel illustrated above, it allows to compute the similar-
ity between documents directly in the transformed space, without performing the
linear transformation ¢(d) = Pd. In addition, it would have a nice interpreta-
tion from the point of view of document similarity, because the distance in the
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document lattice can be thought of as the minimal number of admissible intent
changes — with respect to the collection at hand — that lead from the description
of one document to the description of another document (see [3]).

The main disadvantage of such a similarity measure is that it is not guaranteed
that the kernel is valid. On the other hand, its properties (e.g., it is symmetric,
has zero diagonal, is nonnegative, obeys the triangle inequality) do not allow us
to rule out such a possibility. Note also that good classification is possible despite
indefinite kernel matrices, because it has been proved [9] that SVMs still solve a
data separation problem (although the solution may be only a local optimum).
Experimenting with this approach is an avenue for future research.

4 Full Method Description

In this section we describe the main steps involved in our implementation of a
full SVM text classification system with concept lattice-based kernel.

4.1 Text Pre-processing

The aim of text pre-processing is to transform each document into a sequence of
features that will be used in subsequent steps. The input documents go through
text segmentation, punctuation removal, conversion of upper to lower case, and
stop-word removal. We use strict single-word indexing and do not not perform
any stemming.

4.2 Selection of Input Features

The features extracted from each document are reduced through an explicit
feature selection phase. Working with a restricted set of features improves the
overall system efficiency and it may also be useful for increasing classification
accuracy, because index terms with low predictive power usually add noise. The
selection criterion used in our system is mutual information. Both the text pre-
processing and feature selection steps were performed using the Bow (or libbow)
toolkit, available at: www.cs.cmu.edu/~mccallum/bow/.

4.3 Construction of Document Lattice

Once each document has been represented with a set of predictive features, we
partition the entire dataset in training and test sets, and construct the concept
lattice associated with the training set. To build the document lattice, we use
the NextNeighbors algorithm, described in [4] on page 35.

4.4 Pairwise Term Proximity

To compute the proximity matrix P we need to find the pairwise term distances.
This problem is solved by using a free package based on Dijkstra’s algorithm
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to find the shortest path between two nodes in a graph. We apply Dijkstra’s
algorithm to any pair of term concepts in the document lattice, after removing
the top and the bottom elements. If the term concept corresponding to a given
term becomes disconnected (which rarely happened in our experiments), then
this is signaled by the program and we assign a zero proximity value to all
the pairs in which the disconnected term is involved. The computation of the
pairwise term distances is the most critical step from a computational point
of view, because the running time of Dijkstra algorithm for any pair of term
concepts is O(nlogn), where n is the number of concepts in the lattice, and this

operation must be repeated for k(k; b times, where k is the number of attributes.

4.5 Kernel Matrix

Using the proximity matrix found in the earlier step, the kernel matrix is computed
with equation[] (or equation [0l for the gaussian kernel). To take into account the
relative importance of terms in the documents, we represent the two document
vectors di and ds as vectors of weighted terms, using the classical ¢f-idf scheme
(i-e., term frequency times inverse document frequency) to assign a weight to each
term in each document. The same weights were also used, in the experiments de-
scribed below, to find the bag-of-words kernels using equations 21 and Bl

4.6 SVM Classification

To perform the SVM classification with the various kernels, we used the LIBSVM
package, available at www.csie.ntu.edu.tw/~cjlin/libsvm/.

5 Experiments

The aim was to compare the concept lattice-based kernel (CL) to the traditional
bag-of-words (BOW) kernel, when used within a SVM learning algorithm. The
complexity of our method does not allow us to use high-dimensional data, on
which the standard SVM has proved to perform well. So we decided to focus on
small datasets, containing little training data.

We hypothesized that the reliance of the standard SVM on the input feature
vectors can be questioned when there are not sufficient training data, because
there is a higher chance that the terms in the test documents will not be matched,
and thus it may be more difficult to identify the regions of the feature space
that belong to each class. We ran two experiments. In the first, we considered
datasets of varying content and size, but with the same proportion of test and
training documents; in the second we kept the test set fixed and let the training
set decrease until its size became a small fraction of the test set size. We now
describe each experiment in detail.

For the first experiment we used the 20 NewsGroup (20NG) collection, available
at http://people.csail.mit.edu/jrennie/20Newsgroups/, which contains
20,000 Usenet articles partitioned in 20 thematic categories. After selecting the
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Table 6. Accuracy on small subsets of the 20NG collection with two random split of
the data

40 docs 80 docs 120 docs 160 docs 200 docs
linear BOW-SVM 69.23 63.75 67.27 68.57 69.56
linear CL-SVM 71.79 65.00 69.09 76.42 72.28
gaussian BOW-SVM 69.23 66.25 67.27 70.00 70.65
gaussian CL-SVM 71.79 66.25 70.00 77.14 72.28

eight most different categories (i.e., Atheism, Computer Graphics, Misc Forsale,
Autos, Sport Baseball, Medicine, Talk Religions, and Talk Politics), we randomly
chose four samples of different size (i.e., 5, 10, 15, 20, 25) from each category and
merged the documents of each category contained in the corresponding samples.
We thus produced five datasets of varying content and size, each containing the
same number of documents for each category.

We evaluated the performance of the two document similarity metrics on each
dataset. We randomly split each dataset in two halves , each with a proportional
number of documents per category. We used one half for training and the other
half for testing, measuring the accuracy of each method (i.e., the percentage of
test documents that were correctly classified). All runs were performed with a
restricted term index containing the 200 words with the highest mutual infor-
mation value. We experimented with both linear kernels (equations 2l and [) and
gaussian kernels (equations Bl and B with v = 0.001), so we tested four methods
in all, denoted by linear CL-SVM, linear BOW-SVM, gaussian CL-SVM, and
gaussian BOW-SVM. The results are shown in Table [6l

The main finding is that CL-SVM outperformed BOW-SVM for any com-
parable pairs of data points, i.e., the superiority of CL-SVM over BOW-SVM
held for both the linear and the gaussian versions and across all five datasets.
The results in Table [@] also show that the accuracy of the gaussian kernel was
only slightly greater or more often just equal to that of the corresponding linear
kernel.

To take into account the effect of the feature selection step on performance,
we varied the value of the threshold used to select the terms with the highest
mutual information scores. We repeated the tests over the same datasets with
indexes ranging from few tens to several hundreds of words. We did not notice a
significant change in performance, provided that the index size did not become
very small. Even the relative performance of the methods was substantially stable
across indexes of various size.

For the second experiment, we used the mini 20 NewsGroup collection, which is
areduced version of the full 20NG dataset. It consists of the same set of 20NG cat-
egories, but each category contains only 100 articles. To simulate critical learning
conditions, we were interested in evaluating what happens when the set of docu-
ments used to learn the classifier becomes increasingly smaller. After selecting the
same eight categories as in the first experiment, we randomly chose 80 documents
from each category and merged the documents of each category, thus forming a
dataset with 640 documents. This was the test set, kept constant throughout the
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Table 7. Accuracy on a test set of 640 documents of the mini 20NG collection with
increasingly smaller training sets

160 training 80 training 40 training

docs docs docs
linear BOW-SVM 58,516 59,8651 58,516
linear CL-SVM 68,1282 65,43 64,5868

gaussian BOW-SVM 61,8887 59,1006 58,516
gaussian CL-SVM 62,3946 62,3946 60,7083

experiment. The 20 remaining documents of each category were used to form sev-
eral training sets. The largest had just all the 160 documents; then we created a
smaller training set by randomly removing from it half of the documents in each
category, thus producing a set with 80 documents (i.e., 10 per category). We iter-
ated the same procedure two times, thus producing in all three training sets such
that they could be fordered according to the set inclusion relation.

We then evaluated the performance of the two document similarity metrics
on the three datasets formed by merging each training set with the same test
set containing 640 documents. The results are shown in Table [7}

The main result is that the conceptual method performed better than the
standard method across all kernels and datasets. This is consistent with the
findings of the first experiment. The benefits of the conceptual method over the
standard method are more evident with a linear kernel, although even with a
gaussian kernel the conceptual method always achieved higher accuracy. As the
size of the training set decreased, the performance of each method decreased
very gently, while the gain in performance due to the use of the conceptual
method did not grow. One possible explanation for the latter phenomenon is
that with very few training documents there is less chance to recover from bad
document expansion, which may more easily result in topic drift. Also, the use
of the gaussian kernel together with the conceptual document similarity metric
seemed to hurt performance. Here one should consider that a combination of
these techniques may not work well, because both ultimately produce the same
effect, namely an expansion of the terms describing each document.

6 Related Work

There are three main areas related to this work, which are described in turn
below.

6.1 Semantic Kernels

One of the first semantic kernels for SVM text classification was proposed in
[16]. A term similarity function based on WordNet was used, with the similarity
between two terms being inversely proportional to the length of the path linking
the two nodes. Such similarities were used to perform a semantic smoothing of
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the input feature vectors, similar to our approach. More recently [1], WordNet
has been used to compute a similarity function between terms based on the
sub-hierarchy rooted in their lowest common hypernym. The similarity function
between two documents was then defined as the sum of the similarities of all pairs
of terms in common to the documents. WordNet is a valuable source of seman-
tic information that can improve text representation, but its use for document
expansion is made difficult by several reasons, including its limited coverage, the
need for sense disambiguation, and the lack of proper nouns. Another issue is
the computational complexity of these algorithms. They require the evaluation
of all the term pairs, for each of which it is necessary to navigate the WordNet
hierarchy. Our method suffers from similar computational limitations.

Another approach to semantic kernels for text is described in [0]. Inspired
by latent semantic indexing [7], which consists of projecting the data into a
subspace through a singular value decomposition of the term by document ma-
trix, Cristianini et al. showed that it is possible to apply the same technique to
any kernel defined feature space. This approach is, by nature, more similar to
ours because it exploits interdocument relationships, but the similarity between
documents is based on extracting a subset of invariant features from the input
data, rather than expanding the original feature vectors. The main limitations of
latent semantic kernels are its high time complexity (i.e., to compute the eigen-
value decomposition of the kernel matrix) and the high number of dimensions
required to draw relevant features from the training data. Also, the resulting
features might be difficult to interpret.

6.2 Concept Similarity

In this paper we have adopted a simple term similarity measure based on edge
counting, i.e, the shorter the path between two term concepts, the more related the
terms associated with them. Belohlavek [2] used a similar, more restricted notion
in which two attributes are similar if the distance between their corresponding
attribute concepts is equal to zero. The edge counting approach takes into account
the structural relationships between the subsets of attributes in the collection, but
it has the disadvantage that it ignores the specific description of the nodes.

The similarity between formal concepts has been studied in a few recent papers
from other perspectives. Formica [8] presents a more comprehensive method
where the similarity between the intents of the concepts is explicitly considered.
The overall concept similarity is obtained by combining the cardinality of the
intersection of the concept extents with the similarity of the information content
[11] of the two concept intents. The information content of a concept intent int
is given by — log p(int), and the information content similarity of two concept
intents is computed as the ratio of the information content of the least upper
bound of the two concepts to the sum of the information content of each concept
intent. Another recent method that combines structural and featural information
is given in [I8]. It is based on the rough set theory and considers only the join-
irreducible and meet-irreducible elements of the lattice to express the similarity
between concepts.
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6.3 Applications of Document Lattices

In the last years, a number of information retrieval applications based on doc-
ument lattices have been proposed. A detailed account of the issues involved in
developing concept lattice-based information retrieval applications along with
a survey of approaches and systems are given in [4], spanning integration of
thesauri, query refinement, text ranking, and search results clustering. Other
notable applications include faceted browsing [5], and query elicitation [13]. Uta
Priss [14] offers a somewhat complementary view, showing the applications of
concept lattices to several subfields of information science including information
retrieval.

The most similar earlier approach is [3], in which a user query is mapped on
the concept lattice built from the collection being searched, and then a document
ranking is automatically computed based on the topological distance between
the query concept and the document concepts. This paper takes a step forward
by further expanding the technical and practical scope of this research line to
text classification.

7 Conclusions and Future Work

There are several ongoing attempts to extend kernel learning methods with se-
mantic information. In this paper we have defined a concept lattice-based kernel
for SVM text classification that makes use of term relations encoded in the doc-
ument lattice associated with the training documents. The proposed method is
formally sound and it has an intuitive meaning. Furthermore, in an experimental
evaluation performed on small datasets, it achieved higher classification accu-
racy than the standard SVM. Our main conclusion is that the exploitation of
hidden, structural document relationships beyond the input description of each
document may help build a better classifier, at least when little training data
are available.

We plan to extend this research in several direction: (a) using the concept
lattice-based document similarity metric within other learning algorithms (e.g.,
K-nearest neighbors), (b) experimenting with other collections, larger datasets,
and more difficult learning conditions (e.g., imbalanced data), (c) using differ-
ent criteria to measure the distance between concepts in the document lattice,
(d) investigating the potentials of the method based on measuring the distance
between documents (rather than terms) directly in the document lattice.
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Abstract. Gene expression data are numerical and describe the level
of expression of genes in different situations, thus featuring behaviour of
the genes. Two methods based on FCA (Formal Concept Analysis) are
considered for clustering gene expression data. The first one is based on
interordinal scaling and can be realized using standard FCA algorithms.
The second method is based on pattern structures and needs adapta-
tions of standard algorithms to computing with interval algebra. The
two methods are described in details and discussed. The second method
is shown to be more computationally efficient and providing more read-
able results. Experiments with gene expression data are discussed.

1 Introduction

Gene expression data (GED) consist of numerical tables with thousands of
genes in rows and dozens of biological environments or situations (different cells,
times,...) in columns (See Table [I). Each table entry is called an expression
value and reflects the behaviour of the gene in a row in the situation in column.
A whole line is a numerical vector called the expression profile of the gene. Genes
having similar expression profiles are said to be co-expressed. GED analysis is of
high interest mainly for the identification of groups of co-expressed genes that
are known to possibly interact together within a same biological process [IJ.
GED analysis is an active area of research involving mainly data-mining meth-
ods: many clustering [2], biclustering [8l4] and FCA-based [BJ6l/7] methods have
been recently designed and applied in this domain.

Clustering methods group genes into clusters w.r.t. a global similarity, e.g.
based on Euclidean distance, of their expression profiles. Clustering may fail
to detect biological processes common only to some columns of a dataset [TJ3].

S. Ferré and S. Rudolph (Eds.): ICFCA 2009, LNAI 5548, pp. 251 20009.
© Springer-Verlag Berlin Heidelberg 2009
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To overcome this difficulty, biclustering algorithms have been suggested [3Ig].
Biclusters in GED are defined as groups of genes that have similar expression
values in a same group of situations, but not necessarily all. However, we know
that most of the genes are involved in several processes [I]: extracted biclusters
should overlap. Then extracting “homogeneous” biclusters is difficult as the num-
ber of possible groups may grow exponentially. Biclustering algorithms generally
extract k best biclusters w.r.t. an evaluation function that relies on heuristics:
Their complete enumeration is generally not possible, interesting patterns may
also be missed [3I5].

This problem is limited when considering binary GED, i.e. binary relations
between the set of genes and the set of situations [4/9]. A numerical GED is scaled
before binary biclusters are extracted. Intuitively, a bicluster is a rectangle in
a binary table (modulo line and column permutations)“completely or mostly”
filled with crosses, e.g. like in Table @l Then a complete enumeration respecting
some constraints like closure and minimal frequency is possible [45/T0]. In [4]
the authors have proposed the Bi-Max bi-clustering algorithm, which extracts
inclusion-maximal biclusters defined as follows: Given m genes, n situations and
a binary table e such that e;; = 1 or e;; = 0 for all ¢ € [1,m] and j € [1,n],
the pair (G, C) € 2{1--n} % 2{Lm} ig called an inclusion-maximal bicluster if
and only if (1) Vi € G,j € C : e;; = 1 and (2) H(G',C") € 2{bmd x 2{1m}
with (a) Vi’ € G,Vj/ e C: €irjr = 1 and (b) GCGANCCCONA (G/7C/) 75
(G, C). Note that an inclusion-maximal bicluster is nothing else than a formal
concept as defined in [I1]. Formal Concept Analysis (FCA) can be viewed as
a binary biclustering method: It provides means for extracting local patterns
from a binary relation, namely formal concepts. In application to GED analysis
concept extents are maximal sets of genes related to a common maximal set of
situations (not necessarily all) [BU6LT].

However to apply either binary biclustering or FCA-based methods, one needs
to scale numerical data. Scaling introduces biases and may result in loss of infor-
mation [ABIGITIZ]. Our goal here is to try to avoid these problems by designing
an FCA-based method that does not need a scaling, but would benefit from
formal and computational framework of FCA.

We propose two mathematically equivalent FCA-based methods for extracting
groups of co-expressed genes in numerical GED. Co-expression, or similarity
is considered by using interval values in initial data. The first approach uses
interordinal scaling. This scaling is able to reflect all possible value intervals
arising from a numerical dataset by a binary relation without loss of information.
However it produces large and dense binary data, which are hard to analyse with
existing FCA algorithms. This is probably the reason why it has never been
used for GED analysis. The second method relies on pattern structures [13] by
extending interval algebra in real numbers [I3/14] and does not need any scaling.

We have experimented with both methods, trying to compare the quality of
their results and their computational efficiency. We show that both methods
extract equivalent sets of patterns, but the method based on pattern structures
is more efficient than that based on interordinal scaling, and provides with more
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readable and interpretable results. Processing pattern structures needs slight
adaptations of the FCA framework and well-known efficient algorithms (see [15]
for survey).

In Sections 2-3, we present gene expression data and related work. In Sec-
tions 4-5, we introduce and discuss both methods and an interestingness measure
that allows one to prune uninteresting groups of genes. In Sections 6-7 we discuss
computation and experimental results, and conclusion draws further researches.

2 Gene Expression Data

Gene expression is the mechanism that produces a protein from a gene in two
steps. First the transcription builds a copy of a gene called an mRNA. Then the
mRNA is translated into a protein. This mechanism differs in different biological
situations: for each gene the concentration, i.e. the relative quantity, of mRNA
and proteins depends on the current cell, time, etc. and reflects the behaviour
of the gene. Indeed, biological processes of a living cell are based on chemical
reactions and interactions mainly between proteins and mRNA. Thus, it is a
major interest to measure and analyse mRNA and protein concentration to
understand biological processes activated in a cell.

Microarray biotechnology is able to measure the concentration of mRNA of a
gene into a numerical value called gene expression value. This value characterizes
the behaviour of a gene in a particular cell. Microarray can monitor simultane-
ously the expression of a large number of genes, possibly the complete coding
space of a genome. When several microarrays are considered, the expression
value of a gene is measured in multiple situations or environments, e.g. differ-
ent cells, time points, cells responding to particular environmental stresses, etc.
This characterizes the behaviour of the gene w.r.t. all these situations and is
represented by a vector of expression values called a gene expression profile.

A gene expression dataset (GED) consists of a table with n rows corresponding
to genes and m columns corresponding to situations. A table entry is called an
expression value. A table line is called an expression profile. For example, in
Table [I the expression value of g1 in the situation s; is 5 and the expression
profile for the gene gy is (5,7,6). In this paper, we consider the NimbleGen
Systems Oligonucleotide Arrays technologyll: expression values are ranged from
0 (not expressed) to 65535 (highly expressed).

3 Related Work

In this paper we discuss methods of extracting co-expressed groups of genes, i.e.
sharing similar numerical values in some or all situations. Methods of these kind
allow discovering and describing biological processes in living cells [IJ.

For most of the binary biclustering methods, an I-cut scaling is operated by
using a single threshold [ on expression values determined for each object (see

! Details on this biotechnology can be found at http://www.nimblegen.com/
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[47IT6] for threshold definitions). Expression values greater than this threshold
are said to be over-expressed and encoded by 1, otherwise by 0. Then strong
relations are extracted from the binary table representing genes simultaneously
over-expressed. In [6], we proposed a kind of generalizatiorE with an interval-
based scaling of numerical data, where interval number and size were chosen by
experts. Given a set of genes G, a set of situations .S and a set of ordered intervals
T, (g,(s,t)) € I, where g € G, s € S, t € T and I and binary relation, means
that the expression value of the gene g is the interval of index ¢ for the situation
s. Formal concepts of the context (G, S x T, I) represent groups of genes whose
expression values are in same intervals for a subset of situations (may be for all
situations), however these intervals are hard to determine a priori.

In [I7], the authors present an FCA-based method to mine numerical data
that does not need any scaling procedure. This is a similar approach of the two
equivalent methods presented in this paper as extracted patterns are composed
of intervals arising from the data whose size is less than a given parameter
(see Section 6). However, in [I7], no algorithm for dealing with large data was
proposed and no link to interordinal scaling was made. A similar approach for
the case of logical formulas was realized in [I§] and [19].

4 Mining GED by Means of Interordinal Scaling

4.1 FCA: Main Definitions

Here we use standard definitions from [I1I]. Let G and M be arbitrary sets
and I C G X M be an arbitrary binary relation between G and M. The triple
(G, M, I) is called a formal context. Each g € G is interpreted as an object, each
m € M is interpreted as an attribute. The fact (¢g,m) € I is interpreted as “g
has attribute m”. The two following derivation operators (-)’ are considered:

A'={me M |VYge A:glm} for ACG,
B'={g€G|Yme B:glm} for BC M

which define a Galois connection between the powersets of G and M. For A C G,
B C M, apair (A, B) such that A’ = B and B’ = A, is called a (formal) concept.
Concepts are partially ordered by (A1, B1) < (As,Bs) & A; C Ay (& By C
B1). With respect to this partial order, the set of all formal concepts forms a
complete lattice called the concept lattice of the formal context (G, M, I). For
a concept (A, B) the set A is called the extent and the set B the intent of the
concept. Certain data are not given directly by binary relations, they require
transformation to contexts, called conceptual scaling. The choice of a scale is
done w.r.t. data and goals and directly affects the size and interpretation of
resulting concept lattice.

2 Using a threshold 6 is equivalent to considering the interval [0, maxi-
mum attribute value].
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Table 1. A gene expression data (GED) Table 2. Scale Ix := (N, N, <)|(N, N, >)
for s1, N ={4,5,6}

S1 S2 S3
g5 T 6 51 <451 <551<651>451>5512>6
g 6 8 4 4 x X X X
ggs4d 8 b 5 X X X X
g+ 4 9 8 6 X X X X
g5 5 8 b

4.2 Interordinal Scaling for GED

Let G be a set of genes, S a set of situations, W C R a set of expression values
and [; a ternary relation defined on the Cartesian product G x S x W, then
K, = (G, S, W, I ) is the many-valued context representing a GED. (g, s,w) € I
or simply g(s) = w means that the gene g has an expression value w for the
situation s. In the example of Table M G = {g1,92,93,94,95}, S = {51, 2,83},
and I is illustrated, for example, by ¢1(s1) = 5, i.e. (g1,51,5) € I;. Here the
objective is to extract formal concepts (A, B) from K, where A C G is a subset
of genes that share “similar values” of W, i.e. lying in a same interval with
borders arising from the data in the situations of B C S. To this end, we use an
appropriate scale to build the derived formal context Ko = (G, So, I2).

A scale is a formal context (cross-table) taking original attributes of K; with
the derived ones of K, i.e. a “plan” to construct Ks. As attributes do not take
necessarily same values, each of them is scaled separately. Wy C W is the set of
values for the attribute s and is defined for each s € S as follows: W, C W and
(g9,8,w) € 1 = w € W,Vg € G.The following interordinal scale (see pp. 42 in
[11]) can be used to represent all possible intervals of attribute values:

Iw, = (Ws, Wy, <)|(Ws, Wy, =)

Indeed, the extents of this scale are value intervals. Iy, is given for the many-
valued attributes s; in Table 2 where W, = {4,5,6}.

Once a scale is chosen, conceptual scaling consists in replacing each many-
valued attribute of K; by a certain number of attributes to construct Ko w.r.t.
the chosen scale. Here each many-valued attribute s is replaced by 2 - [W;| one-
valued attributes with names “s < w” and “s > w”, for all w € W;. For example,
many-valued attribute s; is replaced by the following attributes {s1 < 4,$1 <
5,81 < 6,81 > 4,81 > 5,51 > 6}. Derived context Ky = (G, S, I3) is given in
Table [3] for the attribute s; only. Note that this transformation is without loss
of information: the many-valued context can easily be reconstructed from the
formal context. For example, derived attributes for (g1, s1,5) are s1 < 5, s1 < 6,
s1 > 4, s1 > 5. The only value in W;, respecting these predicates is 5 which is
the original value.

Density of a formal context (G, M,I) is defined as the proportion of ele-
ments of I w.r.t. the size of the Cartesian product G x M, i.e. density d =
I1]/(|G].|S]). In the case of interordinal scaling, density of derived context Ky is
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Table 3. K; = (G, S, I2) for the attribute s1

51 <451 <551 <651 >451>5512>6

g1 X X X X

g2 X X X X
gs X X X X

ga X X X X

gs X X X X

[

s3>=8
s2>=9

Fig. 1. Concept lattice of formal context Ko = (G, S, I2)

4= Tt Wil+1

2N = Wil 4
of derived attributes is 2- 3)'=P |W;| and |¢/| = [W|+1 for all g € G. This makes
the derived contexts dense, large and difficult to process. For comparison, den-
sity of binary data in [4] never exceeds 6% and the number of derived attributes
remains the same after scaling.

Then the concept lattice of Ky is given in Figure [Il Concept extents near
Bottom concept contain few genes, since the corresponding intents are related
to the smallest intervals. Top concept extent is composed of all genes as its
intent correspond to intervals of maximal length. The higher a concept lies in
the diagram, the larger is the interval corresponding to its intent. Concepts near
Top are not interesting: they allow for almost all possible values of attributes.
In Section 5.3l we discuss how to select most interesting concepts.

When |W| grows, d tends towards 50%. Moreover, the number

5 Mining a GED with Interval Pattern Structures

Now we suggest how to equivalently mine a gene expression data as a pattern
structure avoiding scaling. First we give a general intuition of interval pattern
structures that are formally defined and illustrated latter.

For a many-valued context (G,S,W,I), an object ¢ € G admits a unique
description ([a1,b1],...,[ai, bi], ..., [ap, bp]), where p = |S|. Each attribute (or
situation in gene expression analysis) value is an interval (may be consisting of
one point) given by its left and right limits. In our example, description of the
object ¢1 is {([5,5],[7,7],[6, 6]). A set of objects also admits a description of the
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form ([a1,b1], ..., [@i, bs], ..., [ap, bp]), where for all objects of the set, the values
of all attributes lie within respective intervals. For our example, description of
the set {g1,92} is ([5,6],[7,8],[4,6]). This description is shared by all objects
having attribute values in respective intervals, in our example by objects of the
set {g1,92,95}. The object g3 is not contained in this set, because gs(s1) = 4
and 4 ¢ [5,6]. The whole set of object sharing a description is closed w.r.t. a
closure operator. To formalize this construction one starts from interval algebra
on numbers and respective partial order on intervals. Two descriptions are com-
parable if all intervals of one description are contained in those of the other one,
incomparable otherwise.

5.1 General Definition of Pattern Structures

Formally, let G be a set (interpreted as a set of objects), let (D, M) be a meet-
semilattice (of potential object descriptions) and let 6 : G — D be a mapping.
Then (G, D, §) with D = (D, ) is called a pattern structure, and the set §(G) :=
{6(g9) | g € G} generates a complete subsemilattice (Ds, M), of (D, M). Thus each
X C 4(G) has an infimum MX in (D, M) and (Ds, M) is the set of these infima.
Each (Ds,M) has both lower and upper bounds, resp. 0 and 1. Elements of D
are called patterns and are ordered by subsumption relation C: given ¢,d € D
onehascC d <= cMNd =c.

A pattern structure (G, D, ) gives rise to the following derivation operators

()"
AR =[] d(9) for AC G,

geA
d? ={geGldCT s(9)}  fordCD.

These operators form a Galois connection between the powerset of G and (D, C).
Pattern concepts of (G, D,d) are pairs of the form (A4,d), A C G, d € D, such
that AY = d and A = d". For a pattern concept (4, d) the component d is called
a pattern intent and is a description of all objects in A, called pattern extent.
Intuitively, (A,d) is a pattern concept if adding any element to A changes d
through (-)¥ operator and equivalently taking e O d changes A. Like in case of
formal contexts, for a pattern structure (G, D, §) a pattern d € D is called closed
if d79 = d and a set of objects A C G is called closed if ASZ = A. Obviously,
pattern extents and intents are closed.

5.2 Interval Patterns

In a pattern structure, objects have descriptions from a complete semilattice
(D, M), where the operation M is idempotent, commutative and associative and
returns “similarity” of its arguments. Here we consider a similarity operation
M based on an interval algebra on real numbers. For two intervals [a,b] and
[e,d], with a,b,c,d € R and a < ¢, we define their meet [a,b] M [c,d] as
[min(a, c), maz(b,d)]. Then
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[a,b] C [¢,d] <= [a,b] M [c,d] = [a, b]
<~ [min(a,c),maz(b,d)] = [a,b] <= a<c and b>d.

Note that in contrast to usual intuition, this definition means that smaller in-
tervals subsume larger intervals.

An interval pattern structure (G, (D, M), d) for a many-valued context (G, M,
W, I) with W C R is composed of a set of objects G, a meet semilattice (D, M)
and § : G — D a mapping that associates a description to a set of genes. The
elements of D, called interval patterns, are vectors of p intervals, each interval
staying for an attribute or situation. The order on elements of D is given by the
natural subsumption order. For interval pattern descriptions ¢ = ([a;, b])ic[1,p)
and d = <[Ci7di]>i€[1’p]:

cCd<chNd=c
= a;<c¢ and b >d;,Vie[l,p]

The first operator of the Galois connection takes a set of objects (genes in our
application) to their common description, which is a vector of intervals (of gene
expression values). Consider two objects g and go with 6(g1) = ([ai, bi])ic[1,p)
and 6(g2) = ([ci, di])ie1,p), then

{91,927 =[ 16({g1, 92}) = 6(g1) M 6(g2)
{g1. 923" = (Imin(a;, c;), maz(bi, d;)])ic )

The second derivation operator takes a description (vector of intervals of gene
expression values) to the set of all objects sharing this description (set of genes
whose expression values are within intervals of the description for each attribute).

Consider d € D, a pattern such that d = ([a;, b;])ic[1 ), then

d?={geG|dC )}
d?={geG|dné(g) = d}
dD = {g eG | 6(.9) = <[Ciadi]>i€[l,p]aai <g¢ and bz > div Vi € [lvp]}

For a many-valued context (G,M,W,I) with W C R consider the re-
spective pattern structure (G, (D,M),d) on intervals, the interordinal scaling
Ly, = (Ws, W, <) | (Ws, Wy, >) from the previous Section, and the context K
resulting from applying interordinal scaling Iy, to (G, M, W, I). Consider usual
derivation operators (-)" in context K;. Then the following obvious proposition
establishes an isomorphism between the concept lattice of K; and the pattern
concept lattice of (G, (D,M),0).

Proposition. Let A C G. Subset A is an extent of the interval pattern struc-
ture (G, (D,M),d) iff A C G is a concept extent of the context K;. Moreover,
AP = ([m;,m;])icp p) iff for all i € [1, p] m, is the largest number n such that the
attribute > n is in A’ and m; is the smallest number n such that the attribute
<nisin A’
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Consider an example of pattern concept: ({g1, 92,95}, ([5,6],[7,8],[4,6])), the
equivalent concept of the interordinally scaled context is ({g1,92,95},{s1 <
6,81 > 4,81 > 5,82 > 7,82 < 8,82 < 9,83 < 6,83 < 8,83 > 4}). The top
pattern concept is (G, ([4,6],[7,9], [4,8])). The higher is a concept in the lat-
tice diagram, the larger are the intervals of its pattern intent, in particular, the
top pattern concept has maximal intervals. In the next section we consider the

problem of selecting most interesting concepts given by small intervals.

5.3 Interestingness of a Pattern Concept

The main goal of GED analysis is extracting homogeneous groups of genes, i.e.
groups of genes having similar expression values. Descriptions of homogeneous
groups should be composed of intervals with “small” sizes. This can be easily
expressed in terms of interval-based patterns. Consider parameter max;.. that
specifies the maximal length of an interval to allow for the whole description rep-
resent a homogeneous group of genes. Then in our experiments we may restrict
only to pattern concepts with pattern intents ¢ = ([as, bi])icp,p) € D satisfying
the constraint: 3i € [1,p] (b; — a;) < MaZsize. A stricter constraint would be
Vi€ [1,p] (by — a;) < MaTgize.

Since both constraints are monotone (if an extent does not satisfy it, than a
larger intent does not satisfy it too), the subsets of patterns satisfying any of
these constraints make an order ideal of the lattice of pattern intents. In terms
of computation, using any of these constraints means that only some lower part
of the pattern lattice is computed, with patterns satisfying the constraints.

Another possibility is to consider additional *-values of interval descriptions
replacing intervals, whose lengths exceed threshold mazs;... So, if we choose
mazsi.e = 1 in our example, then {g1, g2}~ = ([5,6],[7,8],*) and {g1,94}" =
([4,5], %, %).

6 Computation

Many algorithms for generating formal concepts from a formal context are
known, see e.g. a performance comparative [I5]. Two families of algorithms are
distinguished: incremental and batch ones. At the i*" step an incremental algo-
rithm builds the set of concepts for ¢ first objects. Batch algorithms generate sets
of concepts from scratch, in a top-down way (resp. bottom up) or from maximal
to minimal intents (resp. from minimal to maximal intents). Experimental re-
sults of [15] highlight Norris (incremental), CloseByOne and NextClosure (both
bottom up) algorithms as best algorithms when the context is dense and large,
which is the case of interordinal derived formal contexts.

To compute pattern concepts, one needs generating infima of subsets of Ds.
To this end we have chosen the standard FCA algorithms Norris, CloseByOne,
and NeztClosure, which need only slight modifications for computing in pattern
structures [I3]. Computing A" for a set A C G is realized by taking min (resp.
max) of all left (resp. right) limits of the intervals of each object description.
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For a pattern d € D, d” is computed by testing for each object ¢ € G if each
interval of its description is included in the corresponding interval of d.

Worst-case upper bound time complexity of the three highlighted algorithms
for computing in a formal context (G, M, I) is O(|G|? - |M| - |L|) with G the set
of genes, M the set of attributes and L the set of generated concepts [15]. The
worst-case time complexity of computing the set of interval pattern structures is
O(|G|? - p - |L|), where p is the number of components in a description. In both
cases, the sets G and L are the same, thus relative efficiency of processing both
data representations depends on the number of different attribute values. For a
large number of values the time for computing concepts for the interordinally
scaled context may be too large. A projection should reduce the number of differ-
ent attribute values, and also the number of concepts. A simple way is to round
real attribute values to n digits after the comma or to a multiple of 10. A direct
consequence of this transformation is uncontrolled loss of information which we
would like to avoid. However, in this case we just loss precision on attribute
values that has limited consequences compared to the binary transformations
presented in Related work.

7 Experiments and Results

7.1 Data

Biologists at the UMR TAM (INRA) study interactions between fungi and trees.
They recently published the complete genome sequence of the fungus Laccaria
bicolor [20]. This fungus lives in symbiosis with many trees of boreal, montane
and temperate forests. The fungus forms a mixt organ on tree roots and is able to
exchange nutrients with its host in a specific symbiotic structure called ectomy-
corrhiza, contributing to a better tree growth and enhancing forest productivity.
On the other hand, the plant retributes its symbiotic partner by providing car-
bohydrates, allowing the fungus to complete its biological cycle by producing
fruit-bodies (e.g. mushrooms). It is thus a major interest to understand how
the symbiosis performs at the cellular level. The genome sequence of Laccaria
bicolor contains more than 20,000 genes [20]. It remains now to study their
expression in various biological situations in order to help to understand their
roles and functions in the biology of the fungus. Microarray-based gene expres-
sion study of different situations is a solution of choice. For example, it enables
to compare expression values of all the genes between contrasted situations like
free-living cells of the fungus (i.e. mycelium), cells engaged in the symbiotic
association (i.e. ectomycorrhiza), and specialized cells forming the fruit-body
structure (i.e. mushroom). A Laccaria bicolor gene expression dataset is avail-
able at the Gene Expression Omnibus of the National Center for Biotechnology
Information (NCBIM. It is composed of 22,294 genes in lines and 5 various bio-
logical situations in columns, reflecting cells of the organism in various stages of
its biological cycle, i.e. free living mycelium (situation FLM), symbiotic tissues
(situations MP and MD) or fruiting bodies (situations FBe and FBI).
3http://www.ncbi.nlm.nih.gov/geo/| as series GSE9784
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7.2 Biological Experiments

First, a selection from the 22,294 genes is processed. It consists by removing genes
having no significant difference of expression across all situations. For each couple
of situation, a t-test is performed and a p-value is attributed. If the p-value > 0.05
(cut-off classically applied in biology) for all couples of situations then the current
gene is removed from the dataset. Indeed, a gene that shows similar expression
values in all situations presents less interest to the biologist than a gene with high
differences of expression. Significant changes in gene expression may reflect a role
in a biological process and such genes can help the biologist to draw hypotheses.
The CyberT tool, available at http://cybert.microarray.ics.uci.edu/, was used
to filter the dataset and obtain 10,225 genes.

Another classical processing in GED analysis is to turn values into logs. In-
deed, it allows to capture small expression values into intervals that should be
larger for high expression values. Finally, the projection consists in rounding logs
expression values to one digit after the comma.

We ran the CloseByOne algorithm on the obtained interval pattern structure.
In this settings, we set maxs,e = 0.35. We choose to retain a concept iff its
minimal support is greater than 10. Indeed, let us recall that concepts near
Bottom, i.e. in the lowest levels of the concept lattice, are composed of a few
genes. We also choose to retain a concept iff its description d has a size |d| > 4:
its extent is composed of genes having similar values in at least four situations.
Processing lengths 4.2 hours and returns 91, 681 concepts.

Here we present two extracted patterns that group genes with high expression
levels in the fruit-bodies situations, whereas their expression remains similar
between the mycelium and symbiosis situations (Figure ). In both patterns,
the levels measured are about twice higher in the fruit-body compared to the
other situations indicating that these genes correspond to biological functions of
importance at this stage.

The first pattern contains 7 genes, of which only 3 possess a putative cel-
lular function assignment based on similarity in international gene databases
at NCBI. Interestingly, these genes all encode enzymes involved in distinct
metabolic pathways. A gene encodes a 1-pyrroline-5-carboxylate dehydrogenase

35000 20 000
30 000 18 000
16 000
S 14 000

20000 12000
10000
8000
10000 6000
4000
2000

15000

5000

FLM MP MD FBe Fol FLM MP MD FBe Fbl

Fig. 2. Graphical visualisation of two extracted concepts. X-axis is composed of situ-
ations, Y-axis is the expression values axis. Each line denotes the expression profile of
a gene in the concept extent. Values are taken before the logarithmic transformation.
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which is involved in amino-acid metabolism, another correspond to an acyl-coA
dehydrogenase, involved in fatty acid metabolism and a last gene encodes a
transketolase, an enzyme involved in the pentose phosphate pathway of carbo-
hydrate metabolism. All these metabolic functions are essential for the fungus
and reflect that the fruit-body is a highly active tissue. The fruit-body is a spe-
cific fungal organ that differentiate in order to produce spores and that further
ensure spore dispersal in nature [2I]. Previous gene expression analyses of the
fruit-body development conducted in the ectomycorrhizal fungus Tuber borchii
also reported the strong induction of several genes involved in carbon and ni-
trogen metabolisms [22] as well as in lipid metabolism [23]. The present results
are consistent with these observations and supports an important mobilization
of nutrient sources from the mycelium to the fruit-body. It seems obvious that
the primary metabolism requires to be adapted to use these sources in order to
properly build spores and provide spore-forming cells with nutrients [21].

The second pattern also contains 7 genes, of which only 3 possess a putative bi-
ological function. Interestingly, one of these genes encodes a pseudouridylate syn-
thase, an enzyme involved in nucleotide metabolism that might also be involved
in remobilization of fungal components from the mycelium to spore-forming cells
and spores. The 2 other genes encode a cytoskeleton protein (actin) and a pro-
tein related to autophagy (autophagy-related 10 protein), a process that can
contribute to the recycling of cellular material in developing tissues. Both func-
tions participate to reconstruction cellular processes [21], which is consistent with
involvement of metabolic enzymes in remobilization of fungal resources towards
the new organ in development.

Analysis of these two patterns that present a high expression level in the
fruit-body situation is highly informative, comforts existing knowledge in the
field and highlights the importance of remobilization in the developing organ.
These co-expressed genes share related roles in a particular process. This could
indicate that they are under the control of common regulators of gene expression.
Interestingly, these patterns also contained a total of 8 genes of unknown func-
tions, i.e. for which no functional assignment was possible in international gene
databases. There were 4 genes encoding hypothetical proteins with an homol-
ogy in databases but no detailed function and 4 genes not previously described
in fungi or other organism and which are considered specific to Laccaria bi-
color. There are about 30% of such genes specific to this fungus and these may
play specific roles in the biology of this soil fungus [20]. All these genes show
consistent profiles with those encoding metabolic functions. Thus, these genes
are interesting investigation leads as they may contain new enzymes not pre-
viously described of the pathways or eventual regulator of the cellular process.
Altogether, these results contribute to a better understanding of the molecular
processes underlying the fruit-body development.

7.3 Computer Experiments

Now we compare time performance and memory usage of three algorithms to
equivalently mine interordinal formal contexts (Section 4) and interval pattern
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structures (Section 5). We have implemented the Norris, NextClosure, and Close-
ByOne algorithms, for both processing formal contexts and pattern structures.
We have added the Charm algorithm [24] that extracts closed itemsets, i.e. con-
cept intents, in a formal context. FCA algorithms have been implemented in
original versions, plus the stack optimization for NextClosure and CloseByOne
as described in [15]. For interval pattern structures, we operate sligth modifica-
tions. Charm algorithm is run with the Coron Toolkit [25]. All implementations
are in Java: sets of objects and binary attributes are described with the BitSet
class and interval descriptions with standard double arrays. Computation was
run on Ubuntu 8.10 OS with Intel Core2 Quad CPU 2.40 Ghz and 4 Go RAM.

We tried to compare algorithms on the data presented in biological experi-
ments, i.e. an interval pattern structure from a many-valued context (G, S, W, I1)
where |G| = 10,225 and |S| = 5. Even with projections, computation is infeasi-
ble. Indeed we do not consider here constraints like the maximal interval size: we
compute all infima of subsets of Ds. Then we randomly selected samples of the
data, by increasing the number of objects. As attribute values are real numbers
with about five digits after the comma, the size of W is large. In worst case,
|[W| = |G| x |S|, i.e. each attribute value is different in the dataset. This implies
very large formal contexts to process and a large number of concepts. We com-
pare time usage for this case, see Table @l Norris algorithm draws best results
in formal contexts, which meets conclusions of [I5] for large and dense contexts.
However, CloseByOne in pattern structures is better, and most importantly is
the only one that enables computation of very large collection of concepts.

When strongly reducing the size of W by rounding attribute values to the
integer, i.e. |W| << |G| x |S], the Charm algorithm outperforms the others.
The Norris algorithms is still the best FCA-algorithms in formal contexts and
CloseByOmne the best in pattern structures (see Table ).

Table 4. Generation time in both data representations (no projection)

Datasets
|G| 10 20 30 40 50 75 100
|[W| 50 100 150 199 249 374 252

density 51.00% 50.50% 50.33% 50.25% 50.20%  50.13% 50.20%

Generation time in formal contexts (in milliseconds)

Charm 60 916 16,469 N/A N/A N/A N/A

Next Closure 5 145 1,299 12,569 68,969 N/A N/A

Norris 2 90 609 5,180 28,831 N/A N/A

Close By One 3 106 906 7944 41,238 N/A N/A
Generation time in pattern structures (in milliseconds)

Next Closure 6 100 763 5,821 35,197 N/A N/A

Norris 6 172 1982 15,522 83,837 N/A N/A

Close By One 2 85 585 3,094 18,320 1,004,073 2,288,200

Concept set L
|L| 280 9,587 78,173 455,008 1,857,725 40,325,176 64,571,385
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Table 5. Generation time in both data representations. Attribute values are rounded.

Datasets
|G| 25 50 75 100 125 150 200
|[W| 34 37 44 53 58 62 66

Generation time for formal contexts (in milliseconds)
density 51.47% 51.35% 51.14% 50.94% 50.86% 50.81% 50.76%

Charm 55 154 184 243 394 936 1856
Next Closure 100 933 3,333 22,973 30,854 78,790 593,416
Norris 38 320 861 2,697 5954 15,359 46,719

Close By One 84 483 2,424 8,452 22,173 59,070 227,432
Generation time for pattern structures (in milliseconds)

Next Closure 59 372 1,924 6,215 15,417 42,209 143,501

Norris 44 479 2,602 7,243 16,257 40,991 109,814

Close By One 40 220 1,084 3,832 9,289 23,989 89,804

Concept set L
IL| 1,165 5,928 23,962 48,176 73,463 163,316 252,515

Then, when the number of attribute values w.r.t. |G| x |S| is low, computing
concepts in formal contexts is more efficient. For large datasets with many dif-
ferent attribute values, it is more efficient to compute with pattern structures.
The explanation is that for formal concepts the object intent representation is
a bit string whose length increases with the growth of |W|]. Object descriptions
in pattern structure are arrays of constant size w.r.t. |[W|. Therefore, processing
them uses less memory for datasets with high number of attribute values.

8 Conclusion

In this paper we discussed FCA-based methods for mining complex data like gene
expression data. We compared two mathematically equivalent methods for pro-
cessing numerical intervals: the first one using interordinal scaling and classical
FCA algorithms, and the second one which relies on interval pattern structures.
Pattern structures offer more concise representation, better scalability, and bet-
ter readability of the (pattern) concept lattice. Experiments show that when the
number of distinct attribute values is large, adaptation of ClosebyOne to pattern
structures is most efficient. We also confirmed a general conclusion of [I5] for
the case of interordinal scaled contexts of our dataset, stating that the Norris
algorithm is more efficient than NextClosure and CloseByOne when only the set
of concepts needs to be generated, not the covering relation of the lattice.

We have shown how algorithms for processing interval pattern structures can
be adapted for particular data and goals. Indeed, the first introduced order of
description elements generates all possible descriptions w.r.t. the similarity op-
eration. For GED analysis we have made some propositions to retain “best”
concepts. Many other possibilities should be investigated. Another direction of
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further research may be models accounting for domain knowledge. The semi-
lattice of descriptions (D,M) may be viewed as an attribute hierarchy, where
domain knowledge (e.g. known functions of genes) may be encoded.
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Abstract. Following the advent of information technology and the rapid growth
of its application in the medical field, the picture archiving and communication
system (PACS) became very popular in mid- to large-scale hospitals. This study
aimed to compare the concept lattice of radiology report content before and
after the adoption of PACS. This study proposes a formal concept analysis
process to produce different levels of ontological concepts from the radiology
report. Ontology concept lattice diagrams are presented along with the correla-
tion of concepts and their corresponding significance. The conceptual clustering
method is applied to obtain a reasonable number of concepts. To find differ-
ences, the structure of ontology is compared in different phases by using a
distance measurement. The study results showed a delicate change in radiology
report terms before and after the adoption of the system. Given the quantitative
analysis results, a qualitative-focused ethnography will be further conducted
with several radiologists.

Keywords: Formal concept analysis, radiology report, medical imaging system,
PACS.

1 Introduction

Following the advent of information technology and the rapid growth of its applica-
tion in the medical field, the picture archiving and communication system (PACS)
gradually gained popularity in mid- to large-scale hospitals. Medical image storage,
management, transmission, and even diagnosis now heavily rely on computer and
network technology. Yet, given the vigorous development of medical information
technology, there may be an impact on the medical behavior and treatment of physi-
cians or other medical experts when they diagnose.

One of the main activities of a hospital radiology department is to provide reports
of radiology opinions and interpretations of medical images to physicians. Several
studies [1-4] have investigated the effect of the reporting process, but most of these
studies focused on the impact of the computerized radiography reporting system at its
initial adoption. The call for understanding the impact not only on the radiology re-
porting process but also on the diagnosis of physicians has become loud and clear.
Some studies [5-8] have addressed the impact of voice-entry radiology reporting

S. Ferré and S. Rudolph (Eds.): ICFCA 2009, LNAI 5548, pp. 267£283.12009.
© Springer-Verlag Berlin Heidelberg 2009



268 T. Pan and K. Fang

systems, but the effect of PACS in is not clear. Balassy et al. [6] found that Liquid
Crystal Display (LCD) is significantly superior to Cathode Ray Tube (CRT) for lung
images; however, some studies [8-11] found no significant difference. These studies
showed mixed results and were mainly focused on report time. Thus, explicit knowl-
edge about the content variation of radiology reports and diagnosis behavior differ-
ences after the adoption of PACS has yet to be developed.

On the basis of the assumption that the conceptual knowledge of radiologists’ re-
porting is original from his/her network model, an analysis with a network model can
reveal the characteristics of cognition for each individual. Semantic structure or con-
ceptual knowledge can be obtained by elaborating on conceptual structures inherent in
the text data given by radiologists. Such conceptual structures can be determined by
mathematical methods using Formal Concept Analysis (FCA) [22].

This study aimed to build ontology from the radiology report text in a different
time phase through FCA and the ontology comparison method. It strives to identify
the variations and factors arising after the adoption of PACS in a hospital. In this
study, we will lay the groundwork for understanding how PACS affects radiology
diagnosis and reporting.

1.1 PACS Technology

With the exception of face-to-face diagnosis, the radiology image and report is one of
the primary means of communication, as reported by radiologists, between the pa-
tients and the referring physician. Significant resources are devoted to the radiology
reporting service and the quality of medical image. Computers have been used in
various ways to assist in radiology [4], including image digitalization, report entry,
and image quality control. In this situation, PACS offers a solution to the problems of
image and information management.

Essentially, PACS handles medical images from various imaging modalities
(machines), including X-ray, ultrasound, endoscopy, computerized tomography (CT),
magnetic resonance imaging (MRI), and positron emission tomography (PET). PACS
replaces hard copies of images with their digital forms, for example, film archives not
only provide a new way to manage medical images but also expand the possibilities
of off-site viewing, reporting, tele-diagnosis, and distance discussion. Given the sharp
drop in the price of digital equipment and storage, PACS undoubtedly provides
effective cost and space advantages as compared to conventional file archives.

The major objective of PACS is to clearly and definitively present patients’ health
situations, which could involve improving image diagnosis accuracy and reducing
patients’ radiation exposure. From the viewpoint of strategy, PACS has been recog-
nized as a way to improve a hospital’s competitiveness. Up to 2008, an increasing
number of medical centers and regional hospitals in Taiwan have adopted PACS.

The actual influence of PACS on medical behavior, as given by physicians when
they implemented PACS, is still unclear. Jean et al. [1] and Choplin et al. [3] consid-
ered the impact of a computerized radiography reporting system on film reporting,
turnaround time, costs, and understanding of work patterns. Leaming et al. [13] as-
sessed the impact of voice-entry radiology reporting systems on the accuracy of ra-
diologic reports. From a technological perspective, several studies reviewed different
computer methods designed to assist in the production of radiology reports [13, 14].
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Several other studies have investigated users’ views of the quality of radiology ser-
vices and the impact of PACS. Bryan et al. [15] evaluated a hospital-wide PACS by a
“before and after” comparison. They pointed out that PACS greatly reduced the per-
ceived problem of image non-availability but did not increase the availability of ra-
diological reports. Moreover, the time junior doctors spent in image searching was
dramatically reduced by the introduction of PACS. In two studies on radiologists,
Franken et al. [16] indicated that radiologists spent twice as long interpreting PACS
images as they did interpreting film images, but there was no significant difference in
the time spent for both approaches; furthermore, Wilcox et al. [18] surveyed radiolo-
gists to assess their perception of the value of access to images and found the impact
of PACS is positive.

Occasionally, the radiology report is the only means of communication between
radiologists and referring physicians. It must clearly describe the nature of the exami-
nation, pertinent findings, considerations of likely diagnoses and their relative possi-
bilities, and suggestions for further diagnostic evaluation if indicated [17]. In fact, the
way in which radiologists perceive radiology reports is generally unclear.

1.2 Ontology and Domain Knowledge Concept Representation

In the field of computer science, ontology is the description of the concepts and rela-
tionships that play the role of an agent or a community of agents [36]. In general, any
content of formally represented knowledge is based on a conceptualization: the ob-
jects, concepts, and other entities that are presumed to explicitly or implicitly exist in
some area of interest and the relationships that hold them [21], and ontology is an
explicit specification of a conceptualization [22]. Kahn et al. [19] suggested that
ontology could represent radiological and clinical knowledge in order to integrate
PACS to support radiology interpretation.

Some studies [37-39] attempted to build further on domain ontology using the FCA
method. A number of studies [24-25] and related technologies in other fields apply
the benefits of domain ontology construction and computation for knowledge repre-
sentation and applications, including the comparison of different ontologies. [26-27].

There are two main approaches for domain ontology construction [38]. One facili-
tates manual ontology engineering by providing natural language processing, such as
lexical entry. This method has its limitations and is ineffective in large text mining
[28-31]. The other approach relies on machine learning and automated language-
processing techniques [7]. There are text clustering, association rules and knowledge
base. Text clustering dealing with a large number of dimensions and a large amount
of data can be problematic because of time complexity [32]. The use of association
rules or knowledge base methods as construction methods for ontology still causes
several restrictions, especially in combinations of different conceptual relationships
[33], and the prior construction of knowledge bases in related domain and human
effort is required [34].

As the meaning of words and the cognition of concepts differ in different times and
environments, a variation might appear in the same domain (same category of radiol-
ogy reports). Because of different factors, the same radiologist might use different
words for the same object or use the same word for different objects, or radiologists
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might have different perceptions about specific concepts. Such potential for heteroge-
neity causes problems in a critical medical environment in which consistency and
quality are pursued. Differences in ontology can be established from radiology report
text in different time phases of a hospital—that is, before and after the adoption of a
specific system, which in this study is PACS.

2 Research Process and Pilot Analysis

In this section, we will describe the goals of this study in more detail. Figure 1 shows
an overview of the process of this study. At the beginning, a pilot study was con-
ducted to enhance the knowledge of environmental changes after the adoption of
PACS. Following this and after a term parsing process, a formal concept analysis, will
deal mainly with radiology report text in different time periods (before and after the
adoption of PACS). Term frequency and many-valued contexts will be considered.
On the basis of the ontology lattice acquired from a formal context, comparison
among different ontologies associated with different conditions will be performed
using a distance measurement method. Concepts will be clustered to minimize the
number of concepts for interpretation and discussion purposes.

Background > Literature review  — Pilot study
Adopuonof | [impast > Radiolosy Cos m——
PACS report text e L
>
Data [ > Term
separation parsing
4
Ontology < Formal <— Formal Concept  Many
context B Analysis Valued
{_/L Concepts | Relations
Degrees

I(T!‘irne phase | l Ontology Qualitative
= parison research
[Ra RIS T => [ — -2 Results &
. al Yo discussion
l Examination concept ethnography

Fig. 1. Research process of this study

2.1 Settings and Data Collection

Research data were derived from the Radiology Information System (RIS) of a teach-
ing hospital in central Taiwan. This hospital adopted PACS technology on May 16,
2006. It was implemented on radiology modalities, including projection (plain)
radiography, fluoroscopy, CT scanning, and MRI. Because of function and cost con-
siderations, some modalities, such as mammography, DXA (dual energy X-ray ab-
sorptiometry), and some ultrasound machines are still not connected to PACS.

There are about 7000 radiology-related diagnoses made each month at this teaching
hospital. The analysis data of this study covered data from March 16, 2005 to March
15, 2007 and was split into two portions. The first portion of the data covers the first
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year and is called the traditional film phase. The portion covers the second year and is
called the PACS phase. Figure 2 presents an example of the content of an abdomen
CT scan radiology report. The content of the report was mainly given by one of the
radiologists from the radiology department according to his personal judgment of the
medical images.

The related attributes of record data for every radiology diagnosis in the RIS data-
base are shown in Table 1, along with attribute names and descriptions. These include
report text, examination item code, examination area, date, the International Classifi-
cation of Diseases 9" revision code (ICD9) for diagnosis expression, and the PACS
ID number.

Table 1. Related attributes of radiology data

Attribute Name Description

(Abbreviation)

Report text Content of the radiology diagnosis report.

(REP_TEXT)

Examination item code Code of the radiology examination item.

(ITEM_CODE)

Examination area Examination area of patient’s body.

(AREA)

Examination date Examination date of patient.

(PHO_DATE)

Radiologist code Code of the radiologist in the department of radiology.

(REP_DOC_NO)

ICD9 codes of diagnosis Diagnostic disease ICD9 code from attending physician, maximum 5

(ICDH_CODE) different ICD9 codes (from ICDH_CODE] to ICDH_CODES). These codes
are provided by attending physicians and referenced only by radiologists.

PACS ID number Only when this attribute has the ID number to show this record has PACS

(ORDERNO) image.

2.2 Pilot Study

In order to enhance knowledge about the possible variations in diagnosis quantity and
modification on radiology examination and report after the adoption of PACS, a pilot
study was conducted using the same data that is used in this proposed research. There
are three main steps in the pilot study. First, for comparison, based on the time of
adoption of PACS, some statistic analyses were performed between the two phase
groups; the results are presented in Table 2. There are over 150 different radiology
examination items in this teaching hospital, and here, we list only few, including the
code, examination quantity, and variations between the two phases.

We further combine these radiology diagnosis items by the type of modalities
shown in Table 3. With regard to the modality type, there has been a significant re-
duction in non-PACS modalities in the PACS phase group (-3.94% for Fluoroscopy
and —12.45% for DXA). On the basis of these statistical results, a qualitative study is
required in order to obtain more details. One radiographer and a radiology physician
were interviewed and asked questions on the decrease in the examination number for
non-PACS modalities after the adoption of PACS. Furthermore, possible reasons for
this decrease were investigated.
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Table 2. Example of statistical data for the two phase groups

Item Examination  2005-2006 2006-2007 Difference

Item Code Item Film Phase PACS Phase

70001 Chest View 29,411 28,431 -3.33%

700011 Clavicle 11 —-100.00%

70003 Sternum 6 —100.00%

70040 Abdomen 1,166 934

70055 K.UB Ex- 10,384 10,930 5.26%
amination

700601 Foot 1,178 1,379 17.06%

700602 Ankle 1,324 1,531 15.3%

700603 Tibia & 969 990 2.17%
Fibula

The qualitative interview results for the first step of the pilot study are as follows:
(1) The examination quantity for every modality should be increased to coincide with
the volume of business for this hospital; thus, the main reason for the decrease in
examination numbers for non-PACS modalities is clearly connected to PACS. (2)
PACS’ influence on the convenience and quality of medical images and on the will-
ingness of physician to use specific radiology examinations is self-evident. (3) The
decrease in non-PACS modalities examination numbers has no relationship with
medical demands.

Table 3. Statistical data for modality types in the two phase groups

Diagnosis Type Film Phase PACS Phase Difference Non-PACS

Projection 67289 67595 0.45%
Radiography
Mammography 1978 2514 27.10%
Fluoroscopy 2183 2097 -3.94%
DXA 795 696 -12.45% *
CT 3494 4048 15.86%
MRI 392 943 140.56%

On the basis of the primary results of the first step of the pilot study, we further
analyze whether there are variations in disease diagnosis code (ICD9) for each attend-
ing physician. Because there are complex and numerous variables that influence a
physician, we limited all inspections to the same order physician, same modality
(CT), same examination code (70500, CT scan for no developer), same examination
area (brain), and same radiology reporter. The statistical results are shown in Table 4.
The unknown status for the diagnosis code increased after the adoption of PACS.
According to the decrease in the ICD9 code ending with 9, the indeterminate diagno-
ses clearly reduce.
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Table 4. Counting of diagnosis category

Distinct Diagnosis I Diagnosis I Diagnosis IIl'  Diagnosis IV~ Diagnosis V
diagnosis

categories

Film Phase 24 24 23 13 6
Unknown 0 9 18 31 41
PACS Phase 27 22 19 13 3
Unknown 2 17 27 38 46

(‘Unknown’ implies that no disease diagnosis code was designated before radiology examina-
tion.)

At the last step of the pilot study, the diagnosis code was revised after the radiol-
ogy examination was inspected

The pilot study had some influence on the medical behavior related to the adoption
of PACS in this teaching hospital. Physicians’ reliance on radiology examination
increased, the indeterminate disease codes decreased, and revisions of the diagnosis
code increased. These results stimulated our strong motivation to carry on the analysis
of the content of radiology texts from a cognitive point of view.

3 Radiology Report Content Analysis

The next process is the formal concept analysis, used to construct conceptual maps for
radiology reports. The lattice structures of these conceptual maps are actually a form
of ontology, which reflects the characteristics of radiology reports before and after the
adoption of PACS. Differences between ontologies can then be investigated by com-
paring their corresponding lattices according to distance-based algorithms. The re-
search process is introduced as follows.

3.1 Term Parsing

Different radiologists prepare radiology report documents; these reports must pass
through different preprocessing methods in order to fulfill subsequent requirements.
Yet, the complexity and time consumption of the term parsing process are indispensa-
ble and may influence the analysis results. In order to address these concerns, Delphi
is used to develop the necessary parsing tools and lexical databases for related
processes.

Document layout elimination process: Disregard all irrelevant information, includ-
ing typesetting format, annotation, signature, Chinese characters, and other informa-
tion. The output of this phase is a data stream of characters. Figure 4 is an example of
an original report text, while the result of the term parsing process is shown in
Figure 5.

Stop words elimination process: The stop words referred to here are generally titles,
prepositions, conjunctions, and other terms that do not constitute the main idea or
concept of the document. For examples, words such as “is,” “a,” “and,” “at,” “in,”
“the,” and “of” are eliminated from the report text.

EEINT3
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NON-CONTRAST AXIAL CT SCAN OF THE BRAIN. Smm thick slices «

at 5mm interval through skull base and posterior fossa and 10mm  «

thick slices at 10mm interval through the remaining brain. The «

fronto-temporo-parietal subdural hematoma is now markedly decrea

basal cisterns are well visualized. The previously noted lar,

small left parietal effusion is now present and mild midline shifting still present. No

other focal areas of abnormal attenuation or mass lesion is seen. The ventricles are

IMPR: Small left parietal subdural effusion now present with minimal mass
effectand mild midline shifting seen. Marked reduction is size of the left

fronto-temporo-parietal subdural hematoma. Post-craniotomy changes of the left

parietal bone, Burr hole seen on the right side. «

bt Si bAA mAA e b Document layout

Fig. 2. Report text of abdomen CT scan

fronto-temporo-parietal subdural hematoma now decrease small left parietal
effusion now present mild midline shift still present focal area abnormal attenuation
mass lesion ventricle symmetrical cortical sulci fissures decreased size left gap left

parietal bone burr hole right IMPR small left parietal subdural effusion now present

subdural hematoma post-craniotomy change left parietal bone burr hole right

Fig. 3. Term parse result

Stemming words elimination process: Different radiologists use different writing
styles. Hence, there is inevitably a chance that slight variations in the context will occur,
depending on the ways in which a particular term is used. Plurality, verbal nouns, and
tenses can alter the basic form of a word. The standard form of the word or root word is
used to replace its different forms. For example, the word “appear” has variations that

include “appearing,” “appearance,” “appearances,” etc. The principle of eliminating the
stemming word is using the root word to replace all other variations of the same word.

Lexical analysis: Lexical analysis in the process of converting a sequence of charac-
ters into a sequence of strings. A string is a categorized block of text, usually consist-
ing of indivisible terms. This is the last but most important step in the term parsing
process, because lexical analysis will decide what words or terms will enter the fol-
low-up analysis.

3.2 Conceptual Relationships and Hierarchy Construction

This study uses FCA to establish a set of conceptual relationships and a hierarchy of
terms. Three kinds of relationships exist among concepts: independence, intersection,
and inheritance. In order to establish the concept relationships and hierarchy of the
different terms, the following steps are designed.
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First, produce a binary relationship matrix between reports and terms. In every ra-
diology report, a term that will best represent the main concept of the report must be
obtained in the term retrieval. This can be done by referring to the document set and
the term set. If a term appears in a document, the corresponding entries of the matrix
are labeled “X” and generate the binary relationship matrix between reports and
terms. The starting point in FCA is the setup of a context.

A context is a triple X =(D,T,I) @))]

In this study, the context of the ontology is identified as L, the related report set of
the ontology is represented by D, the related terms set of the ontology is marked as T,
and / is a binary relationship between D and T:

IcDXT 2)

Secondly, one must generate the concept set C.
Let X be the partial set of D, and Y as the partial set of T, that is,

XcDyYcT 3)
The mappings:

o(X)={teTI|Vde X :(t,d) eI} “4)
the common terms of X, and

1¥)={deDI|VteY :(t,d)el) 5)

the common reports of Y. On the basis of the above definitions, a concept is defined.
A concept is a pair of sets: a set of reports and a set of terms (X, Y):

Y=0c(X)and X = 1(Y) (6)

A concept is a maximal collection of documents sharing common terms. Thus, taking
concept ¢ as an example, the biggest report set that contains the common terms is in
the maximal rectangle by all the relationships 7 in the binary relation matrix. The set
of all the concepts of c is represented by C.

The third step is to calculate the hierarchical relationship of concepts. The set of all
of the concepts of a given context forms a complete partial order. Thus, we define that
a concept (X, Yy) is a subconcept of concept (X, Y;), denoted by

(XO,YO)G(X1,Y1) (7)

In the event that the document set X1 of a term set Y1 is contained in the document
set X2 of another term set Y2, denoted by X1€X2, (X1, Y1) becomes the subconcept

of (X2, Y,), denoted by (X, Y;)S (X, Y,). For concept C, it means C;(X;, YI) be-

comes the subconcept of Cy(X;, Y5).

The last step in the conceptual construction is generating the entire hierarchy of
concepts. It is possible for concept ¢ to have various father concepts as well as sub-
concepts. Hence, the computation of various hierarchy relationships for different
concepts is required in order to obtain the entire hierarchy of concepts. Each node in
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the hierarchy represents a concept. Given two elements (D;, T;) and (D5, T5) in the
concept hierarchy, their supremum or join is defined as:

(DL, T)YU (Do, T2) = (2(T' " T>), T T>) 8)

Let ¢;(X;, Y>) and cy(X,, Y>) be two concepts, the supreme of the two concepts is com-
puted in order to determine their respective positions in the concept hierarchy.

3.3 Many-Valued Contexts

LEINT3

In Figure 3, the perception term, such as “well,” “small,” “now,” “right,” and “have”
do have values. We call these perception terms “many-valued attributes,” in contrast
to “one-valued attributes.”

A many-valued context (G, M, W, I) consists of sets G, M and W and a ternary rela-
tion I between G, M and W [22].

(g,m,w)el and (g,m,v) € I always imply w=v )]

The elements of G are called objects, those of M (many-valued) attributes and
those of W attribute values.

(G, M, W, ) is called an n-valued context, if W has n elements. The many-valued
attributes can be regarded as partial maps from G in W. Thus, one must write m(g) =

w instead of (g, m, w) € I. The domain of an attribute m is defined as:
dom(m) = {geGl(g,mw)el forsomew e W} (10)

This study transforms a many-valued context into a one-valued context in accor-
dance with certain rules, which will be explained below. This interpretation process
is called conceptual scaling.

In the process of scaling, each attribute of a many-valued context is first interpreted
by means of a conceptual scale. A scale for the attribute m of a many-valued context
is a (one-valued) context Sm = (Gm, Mm,Im)with m(G) € Gm . The objects of scale
are called scale values; the attributes, scale attributes.

In actuality, the choice of scale for the attribute m is not a mathematical process,
but a matter of interpretation, and will thus be based on the opinion of the domain
expert. In a lexical process, terms with perception status will be treated as a many-
valued context and transformed into a one-valued context. We explain the transfor-
mation rule with the example that follows.

In Figure 3, two perception terms are observed: “well visualize” and “mile midline.”
Searching for the report text and discussing it with the domain expert define scales of
many-valued attributes for these perception terms. One example is shown in Figure 4.

(E ORI P B Value 1: well visualize
Value 2: poor visualize
—_—

(GG A Value 1: gloomy midline

Value 2: mild midline

Value 3: strong midline

Fig. 4. Transformation of many-valued contexts
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3.4 Interrelationship and Degree of Concepts

After constructing the hierarchy of relationships among concepts, the next step is to
identify the interrelationships of these concepts. Let ¢;(X;, Y;) and cy(X5, Y>) be two
concepts; if YicYz2andY2 c Y1, since the two concepts are partially contained by
one another, it allows us to identify the interrelationship between c; and c,.

It is obvious that a repeated concept will be more important than a singly appearing
concept in a single report. We can express this characteristic by using the concept of
TF-IDF (term frequency-inverse document frequency) [35]. The formula and related
variables are as follows:

n

D,

r(C, Cv) = = X WF(Cx) an

n

D1,

N
lfiykZIfkalOglo(_XW/j (12)

Jk

N is the total number of keywords, tfj; is the co-occurrence of term j, k in docu-
ment I, w is weight for inverse document frequency, and dfj is document frequency
of term j, k.

N
l“ﬁg/ = [ﬁ,XlOg 10[_Xw/j (13)
df;
tfy; is frequency of term j in document i, and df; is document frequency of term j.
N
IOg 10 ; 14
WF(Cv) = @ (14
10g A%

Formula (11) describes the degree of relevancy between the two concepts. All
degrees of relevancy have a corresponding direction. In formula (/17), the central
point of the calculation is C; as the correlation between Cj and C; is being estab-
lished. In formula (12), d is decided by the frequency that C; and C; both appear
and inverse the frequency of report. tfj; represents the frequency that C; and Cy both
appear in document i, dfj, represents the total document number that C; and Cy ap-
pear together. When both concepts have a higher relevance, the frequency with
which C; and C; appear in the same report should also be high and is centralized in
some specific reports. In formula (14), WF(C,) corresponds to the specificity of C;
against the reports. As the concept C; becomes more general, the value of WF (Cy)
decreases.
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3.5 Ontological Concept Lattice Building

After the process consisting of the above methods, a matrix table denoting the fre-
quency of terms that appear in radiology reports can be completed, as in Figure 5, in
which the conceptual hierarchies generated by the FCA constitute the ontology lat-
tices. Figure 6 is an example result of ontology lattices that comes from the matrix
table of Figure 5.

A B| ¢ D | E F e ML J K L M| N o P a R s T u
AP |CHEST [active [lung |disease |cardiomegaly ol (12t |clavicular |fracture imernal |fixati |mild |deformity |ria |Some |perihilar |preurnic infitrates right

20085 1089370001 | K| K | X [ X | X b 4 XX K b e X XX X IX

900851083570001 | K| & | X | X| X X XXX X X

900851080070001 | X | X X X X X X X

200851051270001 | X| X | X [ X | X

a00851051870001 | X | X | X | X | X

900851022170001 | X| X | X [ X | X X

900851092670001 | X[ X [ X [ X[ X X

200851092670001 | X | X [ X [ X | X

900851083070001 | X| X X

900851093170001 | X | X 4 4 X X

900851093270001 | X| X | X | X | X X

a00851053570001 | X | X | X | X | X

400851094370001 | X | X | X [ X | X

90085 1084670001 | X | X | X | X | X X

Ohbj 15

Fig. 5. Formal context produced from lexical attributes of a radiology report

The upper part of the concept lattice of Figure 6 expresses the most common con-
cept to appear in different reports, while in the lower part the change will be more
sensitive in different reports. The ontology concept lattice of radiology reports will be
constructed according to different conditions, physicians, phases, and examination
items for further comparison analysis.

cardiomegaly

rib

Fig. 6. Ontological concept lattice generated from formal context of Figure 5
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4 Radiology Report Difference Evaluation

In order to evaluate our approach, we need to access the way in which differences
exist in different phases of a radiology report as reflected by its ontology. There are
many ways to measure the difference between two given objects. In this study, all
concepts were normalized by the FCA method. We can treat any different concept as
a different node in the ontology lattice, meaning that the ontology similarity will be-
come a weighted graphic matching problem.

Given two ontology O, and Oy, the formula to measure the similarities can be de-
fined as follows:

N
Comp(0;,0x) = Z(Con(C,y, Ci) X (RC; + RCy)) (15)
N is the concept number of ontology with fewer concepts, RC; and RCy are degree
of relevancy and Con(C;;,Cjy) defined as:

Con(C,,Ci) = Y (Rty — Ritx) (16)
i=1

If we compare different ontology lattices in different conditions, we can find the on-
tology with the most obvious difference. Figures 7 and 8 are the preliminary results of a
chest examination performed by a radiologist before and after PACS implementation.

In a traditional concept lattice, the concept lattice generated by FCA is sometimes
quite complicated due to the large number of formal concepts generated. Since the
formal concepts are generated mathematically, objects that have small differences in
terms of attribute values are classified into distinct formal concepts. At a higher level,
such objects should belong to the same concept when a domain expert interprets them.

[+]
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Fig. 7. Preliminary results of a chest radiology report after the adoption of PACS
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On the basis of this observation, this study simplified formal concepts into concep-
tual clusters by using the conceptual clustering method. Each conceptual cluster is a
sub-lattice extracted from the concept lattice. A formal concept must belong to at least
one conceptual cluster, but it can also belong to more than one conceptual cluster.

We can use a similarity confidence threshold to determine whether two concepts
are similar. Figure 9 shows the cluster result of Figure 7, which is more concise and
easier to interpret. Outliers can also be detected in a cluster analysis.
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Fig. 8. Preliminary results of a chest radiology report before the adoption of PACS

Fig. 9. A cluster result of an ontological concept lattice



Ontology-Based Formal Concept Differences Analysis 281

5 Discussion and Conclusion

This study analyzes radiology report text in different time phases through the methods
of term parsing, formal concept analysis, and cluster analysis. The important varia-
tions in radiology report content in different time phases and conditions are elucidated
through the comparison of ontologies. In the results shown in Figures 7 and 8, ontolo-
gies were constructed from the analysis of this study. These ontologies represent the
knowledge characteristics of the content of a radiological chest examination report
prepared by a radiologist before and after the adoption of the PACS system. Figure 8§,
before the adoption of PACS, contains more terms (labels in the lattice chart) than
Figure 7, after the adoption of PACS. Nevertheless, the actual concept number in the
ontology before the adoption of PACS is 23, and is fewer than after the adoption of
PACS - 29.

The interpretation of the study results shows that the radiologist used more con-
cepts in the composing of radiology report. Observing the cluster analysis result from
Figure 7 that show in Figure 9, the variant concepts include “suspicious,” “some,” and
“mild.” From the level of semantics, these concepts express the fact that the radiolo-
gists have more details and uncertainty when composing radiology reports. Our find-
ings suggest that PACS usage may have an impact on radiologist physicians in the
composition of radiology reports and the addition of more detailed concepts to
the content. This is consistent with the broad concept that the adoption of PACS has
the potential to improve the quality of medical images and enhance diagnoses.

The limitation of this study is that our result depends upon a single examination
item and a single radiologist. Ontology construction and quantified comparison for
different examination items and radiologists are still being conducted; variations in
these concepts will be more complete in future studies. Future FCA analysis results
will combine a focus on ethnography qualitative study hope to achieve a richer mean-
ing from the point of view of clinic.

The adoption of PACS in hospitals changed the content of radiology reports. This
study suggests that such a system may improve radiologists’ clinical decisions and
reflected in the radiology report. Future studies that construct and compare the ontol-
ogy of different examination items from more radiologists are needed. Combining the
results of FCA analysis with qualitative research on clinical radiologists will make the
results more significant at the clinical level.
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Abstract. This paper revisits the lattice-based thesaurus models which Margaret
Masterman used for machine translation in the 1950’s and 60’s. Masterman’s no-
tions are mapped onto modern, Formal Concept Analysis (FCA) terminology and
three of her thesaurus algorithms are formalised with FCA methods. The impact
of the historical and social situatedness of Roget’s Thesaurus on such algorithms
is considered. The paper concludes by discussing connections between Master-
man’s research and modern research.

1 Introduction

In the 1950’s and 60’s Margaret Masterman, a pioneer in natural language process-
ing and Al, conducted research using a thesaurus for machine translation. Her paper
“Potentialities of a Mechanical Thesaurus” describes a lattice-based model of Roget’s
Thesaurus (Masterman, 1956). Since lattice-based models of Roget’s Thesaurus have
also been described in recent Formal Concept Analysis (FCA) research (Priss & Old,
2004, 2005, 2006, 2007, 2008), the idea for this paper is to revisit Masterman’s ideas, to
formalise her algorithms in FCA notation and to compare her ideas to modern research.

Until recently, it was quite difficult to access Masterman’s research because many
of her ideas were published in technical reports which were never widely distributed.
Furthermore, her writing is influenced by the 1950’s intellectual background, and is
sometimes difficult to comprehend from a modern perspective. In 2005, however, an
edition of her work was published by Wilks (Masterman, 2005) and supplemented with
editorial comments and explanations which now make it possible to revisit Masterman’s
ideas.

Masterman was not a mathematician. Therefore her lattice-theoretical thesaurus no-
tions are described mostly in prose and exemplified by descriptions of computer algo-
rithms. Because the 1950°s computers were quite different from modern technology,
even the algorithms are sometimes obscure from a modern perspective. An example of
the changes in computational technology is demonstrated by the fact that Masterman’s
group (the Cambridge Language Research Unit, CLRU) believed that “no computer
could hold a coded thesaurus” (Masterman, 2005, p.105) because of the storage space
required.

Instead of storing a coded thesaurus on a computer, the raw and uncoded thesaurus
data was stored on punched cards. It is not clear, however, how much of the data was
stored and in what format. Furthermore, it is not clear how much human invention was
required in order to execute any of the thesaurus-based calculations. Perhaps the com-
puter was only used to compare thesaurus categories, but the initial processing of the
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input data was done by hand? Masterman (2005, p.156) mentions that the “person oper-
ating the thesaurus must use his or her own judgement”. Masterman’s early experiments
were only simulations of punched card programs because “the experiments could not be
carried out automatically, as the CLRU had no computer” (ibid. p.159). But the lattice
program, which was coded by A. F. Parker-Rhodes, “will in the near future actually go
through a computer” (ibid. p.86). Wilks (1998) explains that Masterman later “had the
thesaurus card punched (twice for error checking), which then formed the basis for a
range of experiments ... performed on Hollerith sorting machines”.

Another difficulty is the difference between editions of Roget’s Thesaurus. If one
had an exact copy of the thesaurus used by Masterman, one could approximate her
algorithms by running them on the same data and comparing the results. Masterman
mentions that “Roget’s Thesaurus with additions was used” (Masterman et al., 1959)
indicating that her thesaurus was amplified with further terms and edited for the pur-
poses of her research. In some cases, the additions may have been ad hoc in response
to a particular translation task (Masterman, 2005, p.153). Wilks (1998) comments that
Masterman “had the whole of Roget’s Thesaurus compacted from a thousand or more
heads to eight hundred”. He further states that Masterman’s experiments “were not very
successful because the heads were too sparse to give sufficient repetition.” Thus, using a
modern edition of Roget’s Thesaurus is a disadvantage for the purpose of understanding
Masterman’s work, but it is actually an advantage with respect to examining the general
validity of her work because the modern editions contain more words.

The next sectiorl] provides an overview of Masterman’s work of using thesauri in
machine translation. Section 3 describes Masterman’s thesaurus model. Section 4 pro-
vides an FCA formalisation of three of her thesaurus algorithms. Section 5 discusses the
changes between different editions of Roget’s Thesaurus. Section 6 reconstructs one of
Masterman’s examples using a modern edition of the thesaurus and modern software.
Section 7 traces the connections between Masterman’s work and modern research.

2 Lattices and Thesauri in Mechanical Translation

In 1956, at the International Conference on Mechanical Translation at MIT, four re-
searchers from the CLRU (Masterman (1956), Richens (1956), Parker-Rhodes (1956),
Halliday (1956)) reported on their research of using a thesaurus as an interlingua in “me-
chanical translation” (MT), the term then used for “machine translation”. The group’s
founder, Masterman, envisioned using mathematical lattice theory for building a the-
saurus, i.e. a hierarchical structure with groupings of synonyms or near synonyms. She
thought that a “multilingual MT dictionary is analogous, in various respects, to a the-
saurus” and that “the entries form, not trees, but algebraic lattices, with translation points
at the meets of the sublattices” (Masterman, 1956). The advantage of this approach is
that instead of having to consider different pairs of languages separately, each language
needs to be translated only once (into the thesaurus). Adding a new language, then, does
not require any changes to the previously added languages. Masterman stated that “the

A draft version of Sections 2 and 7 is contained in: Priss & Old (2008). “Lattice-based Mod-
elling of Thesauri.” Lattice-Based Modeling Workshop, Palacky University, Czech Republic.
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complexity of the entries need not increase greatly with the number of languages, since
translation points can, and do, fall on one another” (ibid. p.36).

Of course, computational research in the 50s and 60s was influenced by the limi-
tations of computers at that time. Considerations about computational speed and stor-
age problems determined the algorithms. Parker-Rhodes (1956) extended Masterman’s
ideas by describing a mechanical translation program for interlingual thesauri using
Boolean operations that “can be performed with very great speed”. The storage prob-
lem would be solved by storing “all the relevant information ... in the input and output
dictionaries”. Richens (1956) described the algebraic interlingua, NUDE, its code and
an overview of its translation operations.

MT algorithms at that time often started with a chunk-by-chunk literal translation
(Masterman et al., 1959). Every word stem and every grammatical indicator was trans-
lated from the input language to the output language using a dictionary and some
rules. This was also referred to as “pidgin translation” (Masterman, 2005, p.161). Mas-
terman’s use of lattices was novel because other linguists at that time (for example
Lehmann (1978)) saw translation as a mapping between trees. A sentence from the in-
put language was parsed into a tree structure. Each branch of the input language was
mapped onto a branch of the output language. The branches in the output language
formed another tree which had the output sentence as their root. Masterman argued that
from a semantic viewpoint, lattices are a better model than trees. In a lattice, pairs of
elements can have different numbers of parents and children, instead of having only
one parent each in a tree structure. Thus, combinations of meanings can be represented
more naturally. In 1965, Wilks commented that word-for-word pidgin translation was
too limited because phrases, not words, are the semantic units of a sentence (Master-
man, 2005, p.186). But this does not contradict the idea of using a thesaurus as a means
of translating the semantic units.

In particular, Masterman (1957) was interested in Roget’s Thesaurus (RT). Her idea
was that each of the 1000 categories in RT could be used as a “head” which described
the core meaning of a word. Because words that have more than one sense occur more
than once in RT, a word can have several heads. This leads naturally to a lattice, not
tree structure. Of course, this implies that the meets and joins need to be calculated;
without meets and joins, a thesaurus would be just a partially ordered set, not a lattice.
Multiple occurrences of a word in the thesaurus might correspond to different meanings
of the word or even homographs (such as “lead” the verb and “lead” the metal). If one
determines the heads of all the words of a sentence, the heads provide an indication of
what the sentence is about. Individual words can be disambiguated by comparing their
heads to the other heads in the sentence. If a word has two different heads and only one
of these also occurs for other words in the same sentence, then it is quite likely that that
head corresponds to the meaning of the word in this sentence.

Masterman et al. (1959) saw a relationship between MT and information retrieval be-
cause in both cases a thesaurus could be used: either for retrieval, or as an interlingua.
Even grammar and syntax were dealt with by the thesaurus (Masterman, 1957) because
grammatical indicators in the “intralinguistic context” relate to structures in the “ex-
tralinguistic context” that are shared across languages. For example, some languages
have no genders (English), others have two (French), three (German) or six (Icelandic).
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But the distinction between “male” and “female” is extralinguistically motivated (ibid.
p-39). Masterman et al. (1959) see an interlingua as consisting of a “logical system giv-
ing the structural principle on which all languages are based”. In modern terminology,
the thesaurus represents the “conceptual structures” that underly information retrieval
and natural languages. Because different languages share conceptual structures, they
could share a thesaurus as a representation of conceptual structures. Thus, Masterman’s
ideas anticipated modern research into semantics, Al, knowledge representation and
formal ontologies. The next section shows how her thesaurus notions can be mapped to
their modern equivalents.

3 Masterman’s Thesaurus Model

Masterman describes a thesaurus in terms of heads, fans and tags. Fig. 1 summarises
her notions. Heads correspond to contexts (Masterman, 2005, p.109) or situations (ibid.
p-194). Different situations are distinguished from each other by similarity and contrast
(idid. p.189). In Roget’s Thesaurus (RT), heads correspond to the approximately 1000
categories. The notion of fan refers to the polysemy of a word. A fan consists of a word
and its different uses or meanings which could be changing over time (ibid. p.39). In RT,
the index at the back of the book (or what Masterman et al. (1959, p.925) call the cross-
reference dictionary) shows a fan for each word. Heads are further subdivided into lists,
which are mutually exclusive, such as “spade, hoe, rake”; and rows which are quasi-
synonymous, but non-exclusive, such as “coward, faint-heart, poltroon” (Masterman,
2005, p.109). Extralinguistically, the elements of a row can denote the same object,
whereas the elements of a list denote different objects. Thus, the elements of a list
“are sub-species of a genus, and not synonyms at all” (Wilks, 1998) or might form
an extension of a natural language concept. In some editions of RT, lists and rows are
visually differentiated because lists are printed in a one-word-per-line format. Rows are
the smallest groupings of the words in RT: each category is subdivided into paragraphs
which contain semicolon-delimited sets of words.

Archeheads or aspects are additional classifications that crosscut the classification
by the heads. Aspects are also distinguished from each other by similarity and con-
trast in the same manner as situations (ibid. p.189). Neither situations, nor aspects are
permanently fixed, but instead both change over time and if different principles are

Masterman’s notion in Roget’s Thesaurus general notion
head (context/situation) category concept
similarity/contrast (implicit) attributes
list list extension
row paragraph or semicolon group synonymy
fan index polysemy
tag (aspect) part of speech etc facet

archeheads (aspect) antonymy (in table of contents) facet/frame/role

Fig. 1. Masterman’s main thesaurus notions



288 U. Priss and L.J. Old

applied (ibid. p.189). Masterman uses the metaphor of “re-sorting a pack of cards” in
order to illustrate the flexibility of classifications (ibid. p.190). In older versions of RT,
the main archeheads are “pleasing” and “non-pleasing” (ibid. p.110), because the cate-
gories alternate between a positive head followed by its antonymous counterpart. This
is predominantly displayed in the table of contents of older versions of RT. In modern
information science terminology, archeheads are facets. Masterman further uses the no-
tion (semantic) tag to refer to aspects (ibid. p.202). In this case, this seems to include
part of speech tags, which is a facet that is applied to all categories in RT. The other
examples of tags given by Masterman (ibid. p.202 and p.204) appear to be similar to
modern thematic roles, frames or case relations. These do not systematically occur in
any of the printed editions of RT, but must have been manually constructed by Master-
man’s group.

In summary, Masterman’s notions correspond to modern notions and closely relate
to the structures that can be observed in Roget’s Thesaurus. Her notion of double clas-
sification (ibid. p.190) using situations/heads and aspects/tags is similar to the modern
notion of faceted classification. Her notions of heads, similarity/contrast and lists can
be mapped onto FCA terminology. Heads, words and fans provide the basic formal
contexts for an FCA modelling of thesauri as shown in the next section.

4 Three Algorithms

This section describes three of Masterman’s thesaurus algorithms in FCA terminology.
All three algorithms follow the same core structure and are similar to what are called
restricted neighbourhood lattices (Priss & Old, 2004) in modern research. A (modern)
neighbourhood context in Roget’s Thesaurus starts with a word, looks up all the senses
(rows or heads) of this word, and then looks up all the other words that share the same
senses. This process can be started with either words or senses and is stopped after
several iterations. The usual FCA operator for finding all attributes that belong to a set of
objects is the prime operator@. The plus operatmﬁ used for constructing neighbourhood
lattices differs from the prime operator in that it looks for attributes belonging to any
(instead of all) of the objects. Thus, it usually enlarges the sets. This enlargement can
be reduced by requiring that attributes need to be shared by at least two (or any other
number) of objectsH. Such neighbourhood lattices are called restricted (Priss & Old,
2004). Applied once to a single object (or single attribute), the prime and plus operators
yield the same result (¢’ := G} = G =: g* for G; = {g}).

The first algorithm considered here is a translation of a Latin sentence “Agricola in
curvo terram dimovit aratro” into Englisfﬁ (Masterman et al. (1957) and Masterman
(2005, p. 149)). It involves the following stages:

1. dictionary matching: for each chunk of the input language a set of English heads is
found representing semantic, syntactic and grammatical elements

2 For a formal context (G, M, I),G1 C G, M1 C M, G4 :={m € M | gImforall g € G1}.
M :={g € G| gIm forall m € M; }. To avoid ambiguity, G} can also be written as G1.

PG ={meM|gImforone g € G1}. M}t := {g € G| gIm for one m € M1}.

# GEI’ZM :={m € M | gI'm for at least n elements g € G1}. Thus, Gf = G(ll‘zl).

3 For example: “The farmer parts the earth with his curved plough.”
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operations on semantic heads: basic translation

operations on syntactic heads: syntactically complete, unparsed output
operations on grammatical heads: parsed and ordered output

cleaning up operations

AEE e

Masterman argues that, in principle, grammar and syntax can be dealt with in the
same manner (i.e., at a conceptual level using a thesaurus) as semantics (Masterman,
2005, p201). But in Masterman et al. (1957), only the application of Roget’s Thesaurus
to Stage 2 is shown, which involves operations on semantic heads. Translated into an
FCA notation, a thesaurus contains a formal context (W, H, F') of words w € W,
heads h € H and fans, which describe the relationship between a word and its heads.
Masterman’s algorithm starts by calculating S* = (J,, ¢ w'" which contains the heads
w?" for each chunk w of the input sentence S C W. Each head that does not occur
in at least one other set of heads is eliminated: H(S) = U, g w/¥ with w!/ =
Uve S wv v N w’. This step eliminates homographic or polysemous senses that do

not relate to the main topic of the sentence. It follows that w®/5 = w® N H(S) and
H(S) = SU"=2)_ In modern terminology, Masterman’s algorithm produces a restricted
neighbourhood context (S, H(S), F NS x H(S)).

If w Nof = forall v € S,w # v, none of the heads in w’" are in H(S). Thus,
in order to determine a translation of w, the next higher grouping above the heads ac-
cording to the table of contents of RT is considered. This can be represented as a formal
context (H, A, C) of heads H, higher level classes A and the classification relation-
ship C. Two plus operators are applied: first, the higher level classes are obtained, then
all other heads that belong to these higher level classes are selected. This can be for-
mally represented] as w(F°C:=D(C.21) — {h € H | 3ucaZien : wFi,iCa,hCa}.
This contains all heads that are in the same higher level classes as the original heads in
w® . Now restriction can again be applied: w/5* is defined as w/* if this is not () and
Useswpy 07 NuwFe@2(@2D) otherwise. The resultis a set H(S)* = [J,,eg w5
and a restricted neighbourhood context (S, H(S)*, F'N .S x H(S)*).

Each head in H(S)* can now be translated into the target language. The target lan-
guage is represented by a formal context (W7, H, F}) corresponding to the words W1
and fans F} of the target language and the same heads as in the source language. Possi-
ble translations are elements of H (S )*F 1 C Wj. More specifically, the translation of a
word w € W with respect to S is provided by T'(w) := (w/5*)F1:22) = [y € W |
vy h for at least 2 elements i € w!/5*}. Only those translations are selected that oc-
cur in at least two heads. The whole algorithm resembles the calculation of restricted
neighbourhood lattices, with some modifications.

Some entries in Roget’s Thesaurus contain cross-references. This is not to be con-
fused with Masterman’s “cross-reference dictionary” in the back of the book. Cross-
references in the first half of the book are mostly a space-saving mechanism in RT:
if a group of words occurs in two paragraphs, a cross-reference is used in one of
the categories instead of duplicating the words in both places. In general, the use of
cross-references is inconsistent in RT. Masterman argues that RT is a lattice where the
joins are given by the hierarchy that is contained in the table of contents of the book,

¢ F o C denotes the relational composition. w¥°“21) = {a € A | ien : wFi,iCa}.
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and the meets are given by the cross-references (Masterman, 2005, p.210). Thus, for
the purposes of the translation algorithm, Masterman considers both words and cross-
references that are shared between two heads. If a cross-reference is shared, it is added
to its w’/5* and included in the computation of T'(w) as an iterative process. Master-
man’s reasoning for this is that “the numerical cross-references are to be interpreted ...
as the overlap in meaning between the heads” (ibid. p.204).

In the Latin example sentence, this procedure leads to between one and eight pos-
sible translations for each word of the sentence (ibid. p.157). Similar results can be
obtained with a modern thesaurus (see Section 6). Masterman explains that syntactic
and grammatical operations would need to be applied in order to obtain the full trans-
lation, but these operations are not further explained. Incidentally, we ran the Latin
sentence through a free online InterTran translation websitd] yielding the translation:
“farmer upon to bow earth dimovit plowman”. This is significantly worse than Mas-
terman’s head translations: “farm, farmer, bend/crook, ground/soil, plough/till, plough-
man” (ibid. p.157). Unfortunately, we were not able to compare the result to Google’s
and Yahoo’s translations (which yield good translation results in some cases) because
these do not translate from Latin.

The second algorithm is very similar to the first but is applied to the translation of
a whole passage of text instead of just a single sentence. It was originally described in
Masterman (1956), but also appears in a slightly amended version in the appendix of
Masterman et al. (1959). This algorithm consists of four stages:

1. Using a bilingual pidgin dictionary, chunks of the input language are translated into
chunks of the output language.

2. Lattice position indicators are used for identifying the syntactic elements.

The thesaurus cross-reference dictionary is used to find the heads for the chunks.

4. The thesaurus procedure is applied.

et

Unfortunately, stage 2 is not explained in the paper. It is not clear how the syntax
lattice is constructed. The main purpose of stage 2 appears to be to determine which
heads to include in the calculation of w7/ (using the FCA notation from above). When
dealing with a whole paragraph of text, it would not be useful to compare all heads
simultaneously. Instead, only those heads are compared which are equal or subordinate
to each other, based on the syntax lattice. As stated before, this is not completely clear
in the paper, but it probably means that the syntax lattice is similar to a tree-parsed
structure. Heads are compared if they are in a parent-child relationship in the tree. For
example, the head of an adjective is compared with the head of its noun, and so on.

Otherwise, the algorithm is very similar to the previous ones, except that more proce-
dures are added for dealing with cross-references and for adding words to the thesaurus.
Most likely the reason for this is that the thesaurus used by Masterman was fairly sparse
and did not yield any results for some of the head comparisons. Masterman argues that
these procedures are not ad hoc, but instead make use of cross-references and of inter-
preting phrases and metaphors that are implicitly contained in the thesaurus. She asserts
that “all possible chains of meanings are somewhere in Roget’s Thesaurus if they can be

7 www.stars21.com and www.translation-guide.com
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found” (Masterman, 2005, p.93ﬁ The conclusion of Masterman’s paper is that the al-
gorithm is able to improve the initial pidgin translation by replacing some of the words
with more appropriate choices.

The third algorithm (Masterman, 1961) translates an English sentence into a the-
saurus representation, which serves as an interlingual or conceptual representation.
Even though we argue that Masterman’s algorithms resemble restricted neighbourhood
lattices, she does not represent the results as lattices herself, though her 1961-paper con-
tains a graphical representation of fans which are quite similar to our representations
of neighbourhood lattices. Jointed fans (Masterman, 2005, p.207) are partially ordered
sets that have a word at the top, and the different uses or meanings of the word below (as
given in the index of Roget’s Thesaurus). In the diagram, each meaning is indicated by
the number and the name of the head in which this word occurs. The resulting diagrams
strongly resemble our representation of neighbourhood lattices (as in Figure 2). Jointed
fans are trees, not lattices, but the smallest neighbourhood lattices (consisting of a word,
its senses and other words that share these senses) tend to be mostly tree-like. Non-tree
like structures emerge in neighbourhood lattices when the plus operator is applied more
than twice, or when the algorithm starts with more than one word or sense.

The fans are further subdivided by the different parts of speech of the word under
each head. The part of speech indicators are examples of rags. Masterman discusses the
manual addition of further tags (ibid. p.204), which assign aspects to each occurrence of
each word in the thesaurus. Although the words used for the tags are idiosyncratic, the
resulting structure resembles a formal ontology. Masterman (ibid. p.209) argues that
this fan structure, consisting of heads and tags, corresponds to dictionary entries and
that, for translation purposes, dictionaries of different languages can be connected to an
interlingual thesaurus using such fan structures.

The algorithm for translating the English sentence into a thesaurus representation
given by Masterman (1961) is as follows (translated into FCA notation): for the the-
saurus context (W, H, F) and a sentence S with words w € S, the set ST" = | J,,c g w”
contains the sets of heads for each word. For each element in H(S), the translation is
provided as: T'(w) := (w™)#22) = {v € W | vFh for at least 2 elements h € w’}.
This is basically the same procedure as described above (Masterman et al., 1957), again
resembling neighbourhood lattices. In this case, Masterman provides special rules for
the instances where T'(w) contains more than one word or w! contains zero or one
head, but these rules rely on other non-thesaurus resources (such as special
dictionaries).

5 Changes between the Different Thesaurus Editions

If Masterman’s experiments are to be replicated, it is of interest to determine how
far they depend on the particular versions of the thesaurus. This section provides an

8 We believe that her assertion is correct. We have conducted experiments with changing the
degree of restriction in neighbourhood lattices (Priss & Old, 2008) and found that it is possible
to use heuristics to enlarge the lattices in cases where not much overlap is found. But, of
course, the implementation of such techniques would have been difficult to imagine with 1950s
computers.
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excursus into the differences between the thesaurus editions in order to highlight the
historical changes of the thesaurus categories.

There are two main versions of Roget’s Thesaurus (RT) publications: the British line,
published by Longman/Penguin from 1852-2002; and the US American line, branch-
ing from the British line in 1911, published by Crowell/Harper Row, and commonly
referred to as the International version (RIT). Both contain the hierarchical classifica-
tion system, the Synopsis of Categories, based on Roget’s 1000 categories, with six to
eight classes at the highest level. By default, the US thesaurus uses American spellings
for common words such as color and jail, while the British version lists colour and
gaol in the index. It is notable that the current International version does not list gaol,
even as a Britishism, while the British version does list jail. This could reflect the in-
fluence of American spelling on British English. Masterman used RT (1953) for her
experiments. Our own experiments are based on an amended version of RIT (1962ﬁ
Because of copyright reasons, RT (1911) is the most current edition in the public do-
main.

With each new edition of RT, categories may be renamed, added, and sometimes
combined or split (very, very rarely deleted). Among the reasons to change the name of
a category, modernisation is the most usual. For example, Cicuration (RT, 1852-1953;
RIT 1911-1922), meaning the act of taming animals. This was modernised to Animal
Culture (RIT, 1946), then Animal Husbandry (RIT, 1962; RT, 1972). A further example
is Preterition (RT 1852-1972; RIT 1911-1946), meaning passing, or passed. This was
modernised to The Past (RIT, 1962) and Past Time (RT, 1972). Categories may be split
where distinct ideas were obviously combined under one head (John L. Roget, 1933,
Editors Preface); or expanded, for example, from “Earliness” (RIT, 1922) to “Earliness;
Punctuality” (RIT, 1946).

Both versions of RT have in the past borrowed entries from the other, and occa-
sionally, category names: Non-addition; Subduction (RT, 1852-1953; RIT, 1911-1922),
Deduction (RIT,1946); Subduction (RT, 1962), Subtraction (RT, 1982; RIT 1992). Or
perhaps these changes simply reflect the changing face of modern English (a term which
is always current, no matter in which decade it is used).

The pattern of category changes is different from the British version to the American
version. For example the updating of equivalent categories occurs earlier for the Amer-
ican editions. Also, the British version is more tolerant of obsolete (from daily usage)
Latin terms. In recent years the addition of new words has mainly been in the areas of
science and technology. The addition of these terms also differs between the versions.
The British version continues to add new scientific and technical terms to existing Cate-
gories, while the American version has added new categories. For example, electronics
is found under 160 Power in the British version (RT, 2002), along with strength, force
and energy; while the American version has its own category for 342 Electronics (RIT,
1962).

The addition of categories can reflect cultural and political attitudes, just as Ro-
get’s original categories reflected the attitudes of his day. For example, category 986
Pseudo-revelation (original 1852 edition) contrasts the heathen Koran, Buddha, the

® Which was converted to electronic form by Sedelow & Sedelow (1993) under NSF grants and
later converted to a relational format by the second author.
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Upanishads, and others, with orthodox Judeo-Christian beliefs of the time (category
985 Revelation).

The 1953 British edition was chosen by Masterman and the CLRU at a time when the
paranoia of Macarthyism was rampant in the USA. Not coincidentally, much of their
machine translation research was supported by the US military (National Science Foun-
dation, U.S. Air Force Office of Scientific Research, and the Office of Naval Research
(Washington, D.C), among others.

This had no apparent direct effect on RT, but had a massive influence on the ensuing
US edition (RIT, 1962). That edition was used directly in the machine translation efforts
of the US military to translate Russian military strategy. The following categories were
some of those which were either added, or radically expanded: 277 Aeronautics, 280
Rockets and Flying Missiles, 281 Astronautics, 326 Radiation and Radioactivity, 342
Electronics, 345 Radar and Radiolocators, and 348 Automation. A sample of the type
of words added is:

277 Aeronautics: aircraft hydraulics, jet engineering, kinetics, micrometry,
rocket engineering, supersonics, supersonic aerodynamics; aviation medicine,
Air Force School of Aviation Medicine, Air Force Department of Space
Medicine; aerial navigation, celestial navigation, electronic navigation, auto-
matic electronic navigation, navar, teleran, loran, shoran

348 Automation: robotic control, cybernetics, automatic electronic navigation,
automatic guidance, missile guidance; guided missile, thinking machine,
chess-playing machine; ENIAC UNIVAC, IBM 702

Some of the more cryptic words are acronyms, probably completely unknown to nor-
mal English speakers. For example, loran (Long Range Aid to Navigation) and teleran
(Television Air Radar Navigation).

As this was also the beginning of the space race, many related words were added
to categories such as 374 Universe (to do with astronomy, star systems, constella-
tions, along with some navigational terminology). 279 Aircraft, in the 1946 (post-
war) edition, had extensive lists of Second World War US, British, German, Italian
and Japanese military aircraft. In 1962 these were replaced by terms such as “air-sea
rescue amphibian, anti-submarine patrol; constant-chordrotor helicopter, intermeshing-
rotor helicopter; high-altitude reconnaissance plane, long-range patrol bomber, photo-
reconnaissance plane”.

This excursus demonstrates the historical and social situatedness of thesaurus ver-
sions. Any thesaurus algorithm will be influenced to some degree by these versional
changes. The actual labelling of the heads is not so important for neighbourhood lat-
tices, but the types and numbers of words in the thesaurus and the degree of granularity
in the lowest level groupings are relevant. Because the modern versions are copyrighted
and not freely available in electronic format, it is difficult to conduct experiments that
evaluate the impact of the versional changes. Our experiments have show that RT (1911)
is too sparse compared to RIT (1962). Masterman’s RT (1953) is similarly sparse as RT
(1911).
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Fig. 2. Neighbourhood lattices for the translation of “Agricola in curvo terram dimovit aratro”

6 Revisiting one of Masterman’s Examples

In this section, we revisit Masterman’s treatment of the Latin sentence “Agricola in
curvo terram dimovit aratro” as described in Section 4. We use Masterman’s heads
(H(S)*), but manually map them to the categories of RIT (1962) instead of RT (1953).
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In most cases, the category names are the same in both thesauri, only the numbers are
different. For example, Agriculture is category 412 in RIT (1962) and category 371 in
RT (1953). We then use our software as described in previous papers (Priss & Old 2004,
2007 and 2008) to calculate neighbourhood lattices for each T'(w). The six lattices in
Figure 2 correspond to the translations of the six chunks “AGRI”, “COL”, “INCURV”,
“TERR”, “DIMOV” and “AR”. Most of the objects in these lattices are the words that
Masterman retrieved as well. RIT (1962) retrieves slightly more words, than RT (1953).

This example confirms that even with the differences between thesaurus editions, the
main structures are still similar. Because we started with Masterman’s heads (H(S)*),
this example only confirms the last part of Masterman’s algorithm. With respect to the
first part (the initial selection of heads), one would need a thesaurus of Latin words.
Masterman conducted this part manually. The second part (the use of higher level
classes and cross-references) is possible with RIT (1962), but so far we have not yet
implemented it. Another confirmation of Masterman’s research is the fact that her algo-
rithms are similar to techniques that were independently developed by other researchers
as discussed in the next section.

7 Modern Descendants

Masterman’s research influenced many people, including Karen Spirck Jones who is
considered to be one of the pioneers in information retrieval and natural language pro-
cessing. Spirck Jones used Roget’s Thesaurus, but as far as we know had not much
interest in lattices. Similarly, Yarowsky (1992) described an implementation of the use
of Roget’s for word-sense disambiguation which was very similar to Masterman’s ideas
(although he does not cite her), but he uses statistical methods instead of lattices.

In 1960s in the US, Sally Yeates Sedelow obtained funding to convert the American
edition of Roget’s (1962) into a machine readable format with the purpose of aiding ma-
chine translation. The initial abstract models that she and her husband, Walter Sedelow
Jr., used did not rely on lattice theory (Dillon (1971), Bryan (1973), Bryan (1974), Tal-
burt & Mooney (1989)). But Bryan’s model describes a binary relation between words
and senses which is very similar to a formal context as used in FCA. Thus, when the
Sedelows met Rudolf Wille, the founder of FCA, in the early 1990s, they were enthu-
siastic about the possibilities that lattice theory had to offer for their research. Their
paper about the concept “concept” (Sedelow & Sedelow, 1993) derives semantic neigh-
bourhoods for words from the thesaurus which are then represented as “neighbourhood
lattices”. Our own research has used and elaborated this technique in a variety of papers
(Priss & Old, 2004) and has recently led to the implementation of an on-line interfacdd
that allows users to interactively generate such lattices. As explained above, Master-
man’s thesaurus algorithms are a form of “restricted neighbourhood lattices”. Thus,
one can argue that this modern research is an implementation of Masterman’s ideas,
although the thesaurus research (of the Sedelows) was initially separated from lattice
research and was only recombined through FCA.

Another modern instantiation of Masterman’s ideas is Helge Dyvik’s (2004) re-
search, although, as far as we know, he was not directly influenced by, or aware of,

Yhttp: //www.roget .org
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either FCA or Masterman. Dyvik’s lattices are feature lattices in the sense of com-
ponential semantics. Dyvik’s Semantic Mirrors Method extracts semantic information
from bilingual corpora. His assumption is that if the same sentence is expressed in two
different languages, then it should be possible to align words or phrases in one lan-
guage with the corresponding words or phrases in the other language using statistical
processes or semi-automated processes. Once the corpora are aligned the “translational
images” of words in the other language are computed. This process can be repeated
several times. Next, the translational images are algorithmically assigned to separate
senses. The resulting structures can be represented either graphically as lattices, or as a
thesaurus (using a WordNet-style representation). Both structures can be generated in-
teractively through an on-line interfacd!]. Priss & Old (2005) have shown that this pro-
cedure is similar to creating neighbourhood lattices in FCA, though Dyvik’s research
was developed independently of FCA.

It could be argued that Dyvik’s Semantic Mirrors method is a proof of concept for
Masterman’s vision. Masterman’s (1956) statement that a “multilingual MT dictionary
is analogous in various respects, to a thesaurus” and that “the entries form, not trees,
but algebraic lattices, with translation points at the meets of the sublattices” prescribes
exactly what Dyvik has implemented. Of course, it would not have been possible to
implement a system like Dyvik’s in the 1950s or 60s due to the limits of computers at
that time. It seems to us, however, that perhaps not all of Masterman’s ideas have fully
been explored using modern technology. For example, the “Twenty questions method
of analysis” (Masterman et al., 1959) that was used for extracting extralinguistic (or
“semantic”) information via an intralingual analysis, appears to be similar to attribute
exploration in FCA (Ganter & Wille, 1999). But this relationship has not yet been fur-
ther investigated.

8 Conclusion

In summary, Masterman’s theoretical notions can easily be mapped to modern FCA
notions. Her lattice-thesaurus research has been independently rediscovered (Dyvik
(2004) and Sedelow & Sedelow (1993)) and has been implemented in recent FCA re-
search (Priss & Old, 2004, 2005, 2006, 2007, 2008). The core of the algorithms and
graphical representations described by Masterman resembles restricted neighbourhood
lattices, which have been shown to be the most useful lattices for Roget’s Thesaurus
(Priss & Old, 2008). Several of her ideas are novel with respect to neighbourhood lat-
tices of Roget’s Thesaurus and could inspire future research:

— The use of cross-references. In library thesauri, “related term” links are similar
to cross-references in Roget’s Thesaurus. Thus, Masterman’s approach for using
cross-references is relevant for such thesauri.

— The use of an additional aspect classification (or faceted classification). Masterman
suggests to modify the hierarchy of heads that is represented in the table of contents
of Roget’s Thesaurus so that it becomes a lattice structure in order to obtain a more
detailed semantic representation. This can be achieved by adding semantic tags,
and would be quite easy to implement for modern thesauri.

"http://1ling.uib.no/helge/mirrwebguide.html
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— Semantic tags for the individual occurrences of the words in the thesaurus. Mas-

terman explains this procedure with a manually constructed example for one head.
Clearly, it would be difficult to implement this for the whole thesaurus. But per-
haps there are modern natural language processing algorithms that could be used
for such purposes. At least the tags that already occur in the thesaurus (mostly part
of speech tags) could be used in the process of constructing neighbourhood lattices.
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Abstract. We propose a concept lattice-based approach to multiple two
dimensional pattern matching problems. It is assumed that a pattern can
be described as a set of vertices (or pixels) and that a small set of ver-
tices around each vertex corresponds to an attribute in a concept lattice.
Typically, an attribute should be a succinct characterisation of domain-
dependent relevant information about the neighbourhood of the vertex.
The set of objects in the lattice is the set of 2D patterns to be matched.
Searching in the 2D image is carried out in reference to the intents of
lattice concepts. Thus, by searching a small region of the text, one can
efficiently identify which sets of pattern objects may potentially be found
in a larger environment of that region. As experimental data, we use 2D
images derived from microchip design layouts and 2D matching patterns
derived from microchip design rules.

Keywords: 2d pattern matching, formal concept analysis, microchip
design layout, microchip design rules.

1 Introduction

In this paper we propose that a concept lattice presents a promising avenue for
two dimensional pattern matching. More specifically, we investigate the idea that
a concept lattice (a data structure developed in the field of Formal Concept Anal-
ysis(FCA) - introduced in [2] ) can be used to generate a highly integrated set
of matching sequence paths to search for positions where multiple pixel matrices
(images) match in a target image. As experimental data, we use two dimensional
images derived from chip design layouts and design rules. The paper describes
important steps of the experimental matching process. This process starts with
the transformation of geometric relationships in microchip design rules to two
dimensional images and ends with the actual matching algorithm that employs
traversal of and operations on lattices built from these design rule pixel matri-
ces. The experimental tools developed and results of this matching approach as
applied to some existing design rules are discussed and some promising findings
on the efficiency of this approach are presented.

S. Ferré and S. Rudolph (Eds.): ICFCA 2009, LNAI 5548, pp. 2991313, [2009.
© Springer-Verlag Berlin Heidelberg 2009
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2 Defining the 2D Pattern Matching Domain

For the purpose of this paper we define the domain of research as matching mul-
tiple two dimensional match images in a target image. Specifically we use images
derived from layouts and design rules as used in electronic design automation
(EDA) software.

2.1 Layouts and Design Rules

To simplify pattern matching of design rules in layouts, layouts and design rules
are treated structurally equivalent. For brevity we refer to a layout or design rule
or any subset of a layout or design rule using the collective term wvset. A vset is
a set of vertices. We define a vertex v in such a set as the 5-tuple (o, z1, 9, h, k)
where 2o (1) is a the first (second) dimension displacement in the vertex plane
and g is the index of the polygon to which the vertex belongs; h, the numeric
identifier of the vertex in polygon,; and k, the material identifier (with respect
to some table of materials) of polygon,. We also define utility functions to access
elements of v as follows:

z(v) = xo
y(v) =1
p(v) =g
n(v) =h
m(v) =k

To understand many of the formal definitions in further sections we briefly
introduce quantifications using the following notation:

(®a: R(a): f(a))

where @ is the associative and commutative quantification operator (with unit
eg), a is the dummy variable introduced, R is the range predicate on the dummy;,
and f is the quantified expression. By definition, we have:

(®a: false: f(a)) = eg

The following table lists some of the most commonly quantified operators, their
quantified symbols, and their units:

Operator V A U min max +
Symbol 3 v JMIN MAX ¥
Unit falsetrue § +oo —oo 0

As an example of quantification on set union, we can define the set E of all even
numbers as the following expression:

E:(U r:x=2zNz€L:{x})
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where Z is the set of all integers. One can thus say that F is the set that is
created by concatenating all the single member sets {z}, where z = 2z and z
is a member of all integers Z. In this example the quantification operator is |,
the range predicate is * = 2z A z € 7Z and the quantified expression is {x}. The
dummy variables used are x and z. Further elaboration on quantifications can
be found in [1].

Applying the quantification notation introduced above, we can now define a
vset s as the set of vertices (| v:v € V: {v}) where V is the set of all vertices.
We define the set S as all vsets. We define a function polygon as a query on a
vset s that gives the sub-vset of s that contains only the vertices from s that
belong to a specific polygon.

polygon : N x S — V satisfying
polygon(a, s) = (U v:ivesAp)=a:{v})

2.2 From Vsets to Vimages

Although the option to match on vsets exists, this research applies matching
to the output of a pre-processing phase that converts vsets to two dimensional
matrices of pixels called vimages. Many existing 2D pattern matching algorithms
can thus be applied for matching on these vimages. Examples of such algorithms
can be found in [3], [, [5], [6]-

We define the vimage i as a set of pixels forming a two dimensional matrix.
A pixel p is defined as the triple (ig,i1,u), where (ig,i1) are the coordinates of
a cell of the matrix corresponding to ¢ and wu is the value of the pixel defined as
the triple (zg, z1,t). The element ¢ is a set of material identifiers corresponding
to all polygons that a rectangle r covers geometrically. The coordinates xg (1)
correspond to the first (second) dimension displacement in the vertex plane of
the corner of r that is closest to the vertex plane origin. By convention this
is normally the top-left corner of the rectangle. The rectangles corresponding
to the pixels of a vimage form a non-overlapping cover of the rectangular area
bounding all vertices in the vset from which the vimage is derived.

Figure [Tl shows an example of the top-left corners of the tiled rectangles and
material identifiers mapped onto a vset containing two polygons.

As with vertices we define utility functions to access elements of a pixel p =
(t0, 41, u) with u = (xo,z1,t) as follows:

wp

i(p)
i(p)
()
)
)

.

8

(p

z(p

We define P as all pixels. We define [ as all vimages. The algorithm that derives
a vimage from a vset (s) utilises the function $2ig : S — I satisfying

<
I
+ 8 8
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Fig. 1. Example of an image overlaid on a vset

52i0(s):(U V1,V2 1 V1 € SA V2 €S

{v2p(v1, s)} U {v2p(va, s)} U {v2p,(v1,v2,5)} U {v2p,(ve,v1,5)})

The function s2iy gives a set of pixels (vimage) as a union of the following derived
four pixels for every pair of vertices v; and vy in an input vset s.

— Two pixels that are directly derived from v; and ve using the function v2p :
VxS —P.

— Two pixels that are derived from v; and vy using a rotated combination of
their vertex space coordinates, using the function v2p, : VxV x§ — §

The functions v2p and v2p, satisfy

v?p(v, 5) = <:1722(J?(’U), 5)7 y2j(y(v), 5)7 <:17(’U), y('U), ®>>
v2py(v1,v2, 8) = (22i(2(v1), 5), Y25 (y(v2), 8), (x(v1),y(v2), D))

Two new functions are introduced here. The function 22i : N — N (y2j : N — N)
takes the vertex plane z (y) ordinate of a vertex v and gives the index if the
first (second) dimension of a vimage matrix derived from the vset s. Further
definition of these functions is out of scope for this paper as they are considered
implementation details of the experimental system that implements s2ig.

Note that pixels in the vimage given by s2ip have empty lists of material
numbers. This means that for a vset s:

(Vp :p € s2ig(p) : z(p) = 0)

To achieve the fully defined vimage from a vset s we use the function s2i : S — I,
satisfying
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$2i(s) = imp(s2ip(s), s)

where imp uses information of neighbours of each pixel in the input vimage to
create a new vimage of which the pixels have fully populated material lists.

2.3 The Matching Requirement

The post-condition (Post) of the matching algorithm is to find the output set
O. Post is thus defined as follows:

0= (U Smy Smm ¢ Smm € Sm A (Fz,y i matchs(Smm, S, 2, Y)) + {{(Smm, T, y) })

where s, is the set of vsets to match and s is the vset against which to match.
The function matchs has the signature

matchs :SXSXNxN—B

As discussed above we are not matching directly on vsets. Therefore we rewrite
this post-condition in terms of vimages as follows;

0= (U T bmm G € tm A (3, y it match; (Gmm, 6, 2,9)) - { Gmm, T, 9)})

This means that the matching system needs to store the triple (i, z,y) in the
output set O for each vset i,,,, from the set of vimages i,, that matches i at
offset (x,y) in the pixel matrix corresponding to i.
The function match; : I x I x N x N — B satisfies

match;(im, i, 2,Y) = (YDm : Pm € im : (3pi :pi €1 :
i(pm) + 2 =i(p;) A
J(pm) +y = j(pi) A
2(pm) = 2(pi)))-

3 A Context of 2D Patterns

The matching mechanism that achieves the above-mentioned post-condition is
now considered. A naive approach is to check every vimage imm € im pixel by
pixel and to record matches accordingly. However, since one expects that there
will be some 4,,, that (partially) match each other, intuition would suggest
that such matching subsets of vimages should only be checked once to optimise
the process of matching all i,,,, € i.,. Put differently, if a partial order exists
amongst the i,,,,, then such an order could suggest a more optimal search order.

The partial order that a lattice of formal concepts exhibits offers a promising
“experimental mechanism” to test the hypothesis that order amongst elements
of i,, may be exploited to yield more efficient search strategies.
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o

Fig. 2. An attribute pattern depicted by the shaded area of a vimage

3.1 Mapping the 2D Pattern Matching Domain to Concept Lattices

To apply the matching problem introduced thus far to Formal Concept Analysis
we define the set of objects in the formal context as string identifiers (names) of
the set of vimages to match (i,,) in some vimage 3.

The attributes of the formal context are small rectangular (sub)vimages de-
rived from each iy, € iy, (ie each object in the context. These sub-images are
called attribute patterns. The value of such an attribute is a one-dimensional
string derived as follows:

¢ = (i),r = (§)\(materiallist)

where (i) ((j)) is an offset in the first (second) dimension of the matrix associated
with the object (vimage). The suffix (materiallist) is a string derived from the
2D sequence of pixel values (material identifiers) that occur in the attribute
pattern. Each row consists of a sequence of comma-delimited material identifier
lists and rows are delimited by a “\”.

As an example, the attribute pattern ¢ = 0,7 = 0\0,1,1\1,1,1 has been
derived from the shaded section of the vimage in figure 2

FigureBlshows a section of a context derived from experimental vimage match-
ing data.

4 Experimental Tools and Initial Results

The above sections provide the formal basis for a system that transforms a set of
vsets (ms) (to match in some target vset (s)) to a corresponding set of vimages
(im) to match on a corresponding target vimage (i). Such a system can then
derive a formal context from the set i, using attribute patterns derived from i,,.
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c=00=0M022 | c0=1\000 | c=0=211  c0=3\000  c=0=#002 o 1e0\222  o=10=1N002 | o= 12 | esl

> 1151080 e X X X X X X X

11510R1

1151082 X X

11510R3

11511R0 X X

1151R1

11511R2 X X X X X X

11511R3

TPCI0RD

TPCIOR1 X

TPCI0R2

TPCIOR3 X

TPCIRD

TPCITRT X

TPCIR2

TPCIR3 X

ELDV1I0RO X

ELD.V1I0RT X

ELDV1I0R2 X

ELDVIOR3 X

ELDVII1RO X

ELDVIIMRT X

ELDVIIR2 X

ELDVIIR3 X

77AV1I0R0

77AV110R1 X

774M110R2 X

77AV110R3 X

778V11RO

77AVINRT X

77V11R2 X

77AVIIIR3 X

Fig. 3. Example of a context of vimages (as objects) and attribute patterns (as at-
tributes)

4.1 Experimental Software Tools

We developed two experimental tools that form part of such a system.
The first tool is a “Design Rule Editor” that provides the following features:

— A graphical vset editor - to create rectilinear polygons that form part of
a microchip design rule with the ability to assign material identifiers to
polygons.

— A vimage creation module that implements an algorithm for the function
521 defined above.

— A module that creates four orthogonal rotations for two inflections (also
known as “horizontal flips”) of the vset and corresponding vimage created
in the graphical vset editor.

— A module that makes it possible to define attribute patterns

— A module that uses an attribute pattern as a template to create all attribute
patterns of the same dimensions as the template pattern that fits into every
possible position in every inflection and rotation variation of the user defined
vset and vimage.

— A facility to store all inflections / rotation variations and attribute patterns
created during a session of usage of the “Design Rule Editor” in XML format.
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The reason why we created the mechanism to create all the inflection / ro-
tation variations of vimages and their associated attribute patterns is to cre-
ate concept lattices that may suggest inflection / rotation independent “higher
level rules” for use by chip design engineers to refine chip design rule sets. As
will be shown later in the results discussion, it is also possible—under certain
conditions—to stop the search process at such a concept, reducing the number
of steps required by the search process itself.

Figure @] shows the main user interface of the “Design Rule Editor”.

115.xml - Design Rule Editor [9(=1E3]
File  Edit View  Attribute Patterns
i Select Poly |1
2 elect Pol v
= Iy
3 Material D: [1 v
i
K] Select Vertex 99124 T
©
b %[99 v [124
3
b3 Update
®
3
E Transformation
g
2 Rotate | Translate
a
Angle : S0 v
Apply To: | Selected Poly v
(= [(Rotatesn | [ Fipvetical |
Select Attibute Pattem
c=0,=0:0.2.2 v
[] Prefix Postion [] Is Template Pattern
0R0 10R1 | 10R2 | 10R3 | R0 | A1 | A2 | A3
Name:  [11510R0
[_Repreate 2R [[RelCreate 4R (Rotate) | (" saveltR | [(openitR | [ PrefixAttPos [ RigheshAlr Ten

Fig. 4. Main user interface of the Design Rule Editor

The second tool that we developed is a “Lattice Context Editor” and provides
the following features:

— A rule editor file import mechanism that reads a file created with the “Design
Rule Editor” and (a) adds an attribute for every new attribute pattern in
the file and (b) adds an object for every new vimage in the file.

— A facility to save the context in XML format

— A facility to export the context into the format accepted by the open source
“Concept Explorer” tool.

Figure Bl shows the main user interface of the “Lattice Context Editor”.
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context.xml - Lattice Context Editor. Q@@
File  Add Patterns
c=0=081.1.1 c=0,=141,1.0 c=0,=241,0,0 c=0,=341.00 c=0,=400,0,0 c=1y/=0\10 A
> 77AVOIORO X X X X X
77ANOIORT X
77ANOIOR2
77ANOIOR3 X X
77ANONRO X X X X
77ANOINRT X X
77ANOINR2 X
77ANOINR3 X X X
TPC.IORD X
TPC.IOR1
TPC.I0R2 X
TPC.IOR3
TPC.ITRO
TPC.I1R1 X
TPC.I1R2
TPC.IR3 X
ELD.V1I0R0 X
ELD.V1I0R1 X
ELD.V110R2
ELD.V1I0R3
ELD.V1ITRO v

Fig. 5. Main user interface of the Lattice Context Editor

4.2 Initial Results

Experimental Data. The results that we achieved using the experimental
tools mentioned above are discussed here in relation to a specific example data
set. Using the Design Rule Editor we created the vsets associated with some
existing chip design rules as defined by engineers in the industry.

Figure [0l shows the vsets as they were created in the Design Rule Editor.

Figure [ shows the vsets that are orthogonal rotations and inflections of the
vset “ELD VO”. The vimage of each vset is also shown as an overlay.

Figure Bl shows a section of the formal context derived from this data set.

The concept lattice line diagram associated with this context is extremely
large. A section of this line diagram is shown in figure

Matching Using Concept Exploration. To illustrate how a matching algo-
rithm will use the above-mentioned lattice we try to match all objects (vimages)
of the context in the vimage shown in figure

The bands of sequences that have solid borders show the horizontal and ver-
tical image matrix indices. The values to the left and above the these bands
show indices of potentially matching vimages as identified during the matching
process.
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Fig. 6. Vsets of chip design rules
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Fig. 7. Rotations and Inflections of the vimage ELD VO

end of the target vimage is reached:

— Match-Top-Level
— Match-Concepts-Below

The matching algorithm repeats the following two high level phases until the
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Fig. 8. Lattice Diagram of Experimental Context

The Match-Top-Level phase executes the following high level sequence:

For each pixel p (accessed by traversing the target vimage ¢ from left to right
and top to bottom) check for an initial match using the function match g applied
to all top level concepts.

matchpo(B,i,z,y) = (3b: b € B : isor(b) A match;(i,ml2i(b), z,y))

where B is the intent of a top level concept, and x = i(p) and y = j(p) are indices
into the vimage ¢ and the function mi2i transforms the (materiallist) part of
the string associated with attribute b “back” to a vimage. The function isor (“Is
Origin”) simply checks if the attribute string value contains the prefix ¢ = 0,r =
0. This means that the algorithm that implements match gg looks for an attribute

0 1 2 3 4 [ 1 2 3 4

of 1] 2f 3] 4 s| 6| 7 8[ of 10] 11

0| [) [) [) o o [) [) o 0 [) [) o

1 0 0 0 [ [ 0 0 [ 0 0 0 [

0 2 of o 0 1 0 0 o 0 1 0 0
1 3 0 2 0 1 [ 0 0 2 0 1 0 [
2 4| 0 2 0 1 [ 2 [} 2 [ 1 0 2
3 B 0 2 2 12 2 2 0 2 p! 1 2
4 6 0 2 0 1 [ 2 0 2 [ 1 0 2
5 7 0 0 0 1 [ 0 [} 0 [ 1 0 0
6 8| 1 1 1 [} [} 1 2 2 2 2 0 o

Fig. 9. Target image to match
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Intent:
e ¢=0,r=010,0,1
€=1,=0l,1,
c=1,=4101.0 R
e=1,=110,1,0 i Extent'
=0=1204]  |e=1E001.0 ] i
=202 : =202 8 Objects
=2=2222 ;
e=1=30,1,0 | .
=212 N Own Objects:
=0,=312,0; .
0212 0 Objects

(e —

Fig. 10. Top level concept selected

in the intent of some concept that represents a matching neighbourhood in the
target vimage. Using the the experimental vimage and concept lattice introduced
above, this phase will result in the selection of a top level concept depicted by a
concept with a black circle around it in figure

In figure [@ above, the origin (top-left pixel) of this matching neighbourhood
is shown as a shaded rectangle with a thick border. The Match-Concepts-Below
phase executes the following high level sequence: Starting with the concept ¢
(with intent B) found in the previous phase, verify that the (materiallist) part of
the string associated with each attribute b € B transformed to a neighbourhood
vimage i, matches the part of vimage i located at the offset coordinate (x +
b2i(b), y+b2;5 (b)) where (z,y) is the origin of the mapping process as determined
in the Match-Top-Level phase and b2i(b) (b25(b)) is a function that gives the (i)
((j)) part of the ¢ = (i),r = (j) prefix of the string value of b. The function
matchp formally satisfies:

matchpg(B,i,x,y) = (V b,i, : b € B A i, =mi2i(b) :
match;(i,in, x + b2i(b), y + 025 (b)))

In a depth-first order, apply this function to all concepts in the downward closure
(ie “below”) c. For all concepts that have own objects and for which matchp
returns true, add the names of all such own objects to the output set O defined
in the post-condition of the matching algorithm as defined above.

Two optimisations have been made on this phase. The first optimisation of
this phase is to not traverse the downward closures of any concepts for which
matchp returns false. The second optimisation of this phase is that only the
set of attributes D that is the difference between the intent of the concept being
processed (B) and the intent of previous (successfully matched) concept (B))
needs to be matched.



Cz : Intent

¢=0,r=5\0,0,1
c=2,r=5\1,0,0
c=2,r=0\1,0,0
¢=0,r=0\0,0,1
c=1,r=0\0,1,0
c=1,r=1\0,1,0
c=1,r=4\0,1,0
c=1,r=5\0,1,0
¢=0,r=1\2,0,1

Own Objects
0 Objects

FCA-Based Two Dimensional Pattern Matching

¢=0,r=5\0,0,1
c=2,r=5\1,0,0
¢=2,r=0\1,0,0
¢=0,r=0\0,0,1
¢=1,r=0\0,1,0
¢c=1,r=1\0,1,0
¢c=1,r=4\0,1,0
¢=1,r=5\0,1,0

Own Objects

0 Objects

G

CO) Intent

¢=0,r=010,0,1

Own Objects
0 Objects

Intent
¢=0,r=5\0,0,1
c=2,r=5\1,0,0
c=2,r=0\1,0,0
¢=0,r=0\0,0,1
c=1,r=0\0,1,0
c=1,r=1\0,1,0
c=1,r=4\0,1,0
c=1,r=5\0,1,0
c=2,r=111,0,2%
¢=0,r=12,0,1
c=0,r=2\2,2,1.2
¢=0,r=3\2,0,1
c=1,r=2\2.1,2,2
¢=1,r=3\0,1,0
c=2,r=2\1.2,2,2
c=2,r=3\1,0,2

Own Objects
0 Objects

N

€=2,=311,02
=2=21.222
€=1,=310,1,0
=1,=202122
€=0,=312,01
=0=22212)-

(rmsmey]

| =0.=42.0.1

311

Intent
¢=0,r=5\0,0,1
¢c=2,r=1\1,0,0
c=2,r=5\1,0,0
c=2,r=0\1,0,0
¢=0,r=0\0,0,1
¢=0,r=2\2,0,1
¢=0,r=3\2,2,1.2
¢=0,r=4\2,0,1
¢c=1,r=0\0,1,0
c=1,r=1\0,1,0
¢=1,r=2\0,1,0
c=1,r=3\2,1.2,2
c=1,r=4\0,1,0
¢=1,r=5\0,1,0
c=2,r=2\1,0,2
c=2,r=3\1.2,2,2
c=2,r=4\1,0,2
c=0,r=1\2,0,1

Own Objects
1 Objects

Intent
¢=0,r=5\0,0,1
c=2,r=5\1,0,0
c=2,r=0\1,0,0
¢=0,r=0\0,0,1
¢=1,r=0\0,1,0
c=1,r=110,1,0
c=1,r=4\0,1,0
¢=1,r=5\0,1,0
c=2,r=4\1,0,2
c=0,r=1\2,0,1

Own Objects
0 Objects

Fig. 11. Matching steps in the Match-Concepts-Below phase

To illustrate this phase of the algorithm, we show in figure [[1] each matching
step by circling the respective “visited” concept and showing its intent (B,,) (the
intent pertaining to the concept visited in step n) and own objects in a rectangle
linked to the respective concept node with a thick line. The step number (n)
is shown inside a circle to the top-left of the respective rectangle. The set of
attributes (D,, = By, \ B,—1) matched on the vimage in figure [@ in step n is
shown in bold italics. Note that for completeness we show the result of the
Match-Top-Level as Step 0. Concepts that do not match and concepts in the
downward closures of such concepts are marked by overlaying a“X” shape on
the respective concept node.

A few promising observations can be made from this example. Firstly, after
finding the first matching concept in the Match-Top-Level phase, the number of
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attempted attribute pattern matches are very close to the number of attribute
patterns of the successfully matched vimage (115.11R3). This means that very
little “unnecessary” matches were done. The optimisation of eliminating from
the search space the downward closures of concepts that do not match, con-
tributes to the efficient behaviour shown by this approach. Secondly, the second
concept visited during the matching process (highlighted in Step I in figure
[[1) only contains objects in its extent that are variations of the “115” rule. In
the microchip design context, the attributes (attribute patterns) pertaining to
this concept could be transformed to a “generic” new design rule that can be
searched for in future instead of all the objects in its extent or such a new design
rule can be be used in future as a replacement of all the rotations and inversions
(objects) in its extent, thus simplifying the design rule set.

5 Conclusion

In this paper we formally introduce vsets and vimages. We also formally intro-
duce the matching requirement for these domains. Experimental tools have been
used to test the hypothesis that formal concept analysis can be used to create
an index of a set of vimages for very efficient matching in a target vimage. Re-
sults obtained from using this technique on microchip design data show that this
technique leads to a very efficient order in which attribute patterns pertaining
to multiple vimages (to match) are checked at relevant locations in the target
vimage. Further work will include

— Further analysis of the execution complexity of the matching algorithm.

— Comparison of this approach to current research in multiple 2D pattern
matching techniques.

— More experiments to investigate this technique’s efficiency in handling non-
matching cases

— Analysis of the expected size of Concept Lattices created from vimages de-
rived from chip design rules.

— Implementing the matching algorithm in software to test its execution effi-
ciency.

— Comparison of this research into other work that applies FCA to a priori (eg
geometrically) ordered attributes.

— Analysis of the characteristics of a data set that makes this approach more
appropriate.
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ABSTRACT

Lattice theory today reflects the general status of current
mathematics: there is a rich production of theoretical concepts,
results, and developments, many of which are reached by elaborate
mental gymnastics; on the other hand, the connections of the
theory to its surroundings are getting weaker and weaker, with
the result that the theory and even many of its parts become more
isolated. Restructuring lattice theory is an attempt to reinvig-
orate connections with our general culture by interpreting the
theory as concretely as possible, and in this way to promote
better communication between lattice theorists and potential users
of lattice theory.

The approach reported here goes back to the origin of the
lattice concept in nineteenth-century attempts to formalize
logic, where a fundamental step was the reduction of a concept
to its "extent". We propose to make the reduction less abstract
by retaining in some measure the "intent" of a concept. This
can be done by starting with a fixed context which is defined as
a triple (&,M,I) where G is a set of objects, M is a set of
attributes, and I is a binary relation between ¢ and ¥ indicating
by gIm that the object g has the attribute m. There is a natural
Galois connection between ¢ and M defined by A' = {m €M | gIm for
all g €A} for A € G and B' = {g€G | gIm for all m€B} for B ¢ M.
Now, a concept of the context (G,M¥,I) is introduced as a pair
(4,B) with A c G, B M, A" =B, and B' = A, where 4 is called
the extent and B the intent of the concept (4,B). The hierarchy
of econcepts given by the relation subconcept-superconcept is
captured by the definition (4,,B,) = (4,,B,) = 4, c 4,(= B, 2B,)

for concepts (AI,BIJ and (A?,B?) of (G,M,7). Let L(G,M, I} be the
445
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set of all concepts of (G,M,I). The following thecrem indicates
a fundamental pattern for the occurrence of lattices in general.

THEORFM: Let (G,M,I) be a context. Then (L(G,M,I),=) is a
complete lattice (called the concept lattice of (G,M,I)) in which
infima and suprema can be deseribed as follows:

3
A (4,B) = (N A.,[ﬂ A ,
ied ?' ied b lied

1]

t
v (4.,B) n B, ),0 B]).
ied ¢ ied i€

Conversely, if L is a complete lattice then L = (L(G,M,I),=) if
and only if there are mappings v : G > L and u: M —~ L such that
YG is supremum-dense in L, uM is infimun-dense in L, and gIm is
equivalent to vg < um for all g € G and m € M; in particular,
L= (L(L,L,=),=).

Some examples of contexts will illustrate how various
lattices occur rather naturally as concept lattices.

() (§,5,#) where § is a set.

(ii) @WW,1) where W is the set of all natural numbers.
(iii) (v,v*,1) where V is a finite-dimensional vector space.
(iv)  (V,Eq(¥), E) where V is a variety of algebras.

{v) (GRG;HG;w) where G is a set of objects,‘EQ is the
set of all real-valued functions on @, and (91’92) ~
iff ag, = ag,

Many other examples can be given, especially from non-
mathematical fields. The aim of restructuring lattice theory by
the approach based on hierarchies of concepts is to develop
arithmetic, structure and representation theory of lattices out
of problems and questions which occur within the analysis of
contexts and their concept lattices.
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1. RESTRUCTURING LATTICE THEORY

Lattice theory today reflects the general status of current
mathematics: there is a rich production of theoretical concepts,
results, and developments, many of which are reached by elaborate
mental gymnastics; on the other hand, the connections of the
theory to its surroundings are getting weaker: the result is
that the theory and even many of its parts become more isolated.
This is not only a problem of lattice theory or of mathematics.

Many sciences suffer from this effect of specialization. Scientists
and philosophers are, of course, aware of the danger of this

growing isolation. In {17], H. von Hentig extensively discusses

the status of the humanities and sciences today. One tonsequence

is his charge to "restructure" theoretical developments in order

to integrate and rationalize origins, connections, interpretations,
and applications. 1In particular, abstract developments should be
brought back to the commonplace in perception, thinking, and action.
Thus, restructuring lattice theory is understood as an attempt to
unfold lattice-theoretical concepts, results, and methods in a
continuous relationship with their surroundings (cf. Wille [40],
[41]). One basic aim is to promote better communication between
lattice theorists and potential users of lattice theory.

The important current monographs on lattice theory are by
G. Birkhoff [3], P. Crawley and R.P. Dilworth [8], and G. Gritzer
[15]. They are primarily concerned with "systematically developing
a body of results at the heart of the subject'" [8, p. V]. 1In an
approach to restructure lattice theory we are first confronted with
the question: Why develop lattice theory? G. Birkhoff in [3]
refers to an earlier article "What can lattices do for you?" [4],
where he attempts to raticnalize the statement: '"lattice theory
has helped to simplify, unify and generalize mathematics, and it
has suggested many interesting problems". 1In his first survey
paper on "lattices and their applications” [2], G. Birkhoff set
up a more general viewpoint for lattice theory: "lattice theory
provides a proper vocabulary for discussing order, and especially
systems which are in any sense hierarchies". Notwithstanding this
broad point of view, it was the abstract level of accepting lattice
theary as a theory of "substructures" in mathematics which brought
the breakthrough in the 1930's and established lattice theory as
a mathematical discipline (cf. Mehrtens [24]).

The approach to lattice theory outlined in this paper is based
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on an attempt to reinvigorate the general view of order. For this
purpose we go back to the origin of the lattice concept in
nineteenth-century attempts to formalize logic, where the study

of hierarchies of concepts played a central réle (cf. Schrider
[35]). Traditional philosophy considers a concept to be determined
by its "extent" [extension] and its "intent" [intension, comprehen-
sion]: the extent consists of all objects (or entities) belonging
to the concept while the iwtent is the multitude of all attributes
(or properties) valid for all those objects (cf. Wagner [36]).

The hierarchy of concepts is given by the relation of "sub-
concept' to "superconcept'", i.e. the extent of the subconcept is
contained in the extent of the superconcept while, reciprocally,
the intent of the superconcept is contained in the intent of the
subconcept. Paradigmatic is the example: '"human being" is a
subconcept of the superconcept 'being'. Listing all objects and
attributes belonging to a given concept is almost never possible.
For practical reasons then, there is the proposal to limit a
"context" by fixing the set of objects and the set of attributes
(cf. Deutsches Institut fur Normung [11], [12]). In set~theoretical
language, this gives rise to lattices whose elements correspond

to the concepts of the context and whose order comes from the
hierarchy of concepts. The approach reported here takes these
"concept lattices" as the basis and discusses how parts of
arithmetic, structure and representation theory of lattices may

be developed out of problems and questions which occur within the
analysis of contexts and their hierarchies of concepts.

2. CONCEPT LATTICES

We start defining a context as a triple (G,M,I) where G and M
are sets, and 7 is a binary relation between G and M; the elements
of ¢ and M are called objects [Gegenstgnde] and attributes
[Merkmale], respectively. 1If gim for g € G and m € M we say: the
object g has the attribute m. For 4 ¢ G and B c ¥ we define

A" := {m ¢ M|gIm for all g € A},
B! := {g ¢ G|gIm for all m € B}.

The mappings given by A~ A’ and B » B' are said to form a Galois
connection between the power sets of G and M, i.e. they fulfill
the following basic properties (cf. Birkhoff [3; pp. 122-1251).

PROPOSITION. For a context (G,M,I):
(1) Ay cd, dimlies 4] 2A; for Ay,A
(1') By cB, <implies B] 2B, for By,B,y
(2) A e A" and A' =A™ for A c G,
(2') B cB" and B' = B'"" for B c M.
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Now, a concept [Begriff] of the context (¢,M,7) may be defined
as a pair (4,B) where A C G, BC M, A' =B, and B' = 4; A and B
are called the extent and the intent of the concept (4,B), respec-
tively. The hierarchy of concepts is captured by the definition

(41,B1) = (42,B3) = A} € Ay (= By 2 Bj)

for concepts (4;,B)) and (45,Bz) of (G,M,I); (4;,By) is called
the subconcept of (42,B,), and (42,B3) 1is called the superconcept
of (41,B1). To formulate the basic theorem (cf. Banaschewski [1],
Schmidt [34]) which indicates a fundamental pattern for the
occurrence of lattices in general, we need some further definitions.
Let #(G,M,I) be the set of all concepts of the context (G,M,I)
and let H(G,M,I) := (f+(G,M,I),=). A subset D of a complete
1attice L is called infimum-dense (supremm-dense) if

= {A¥|XcD} (L = {yX|XD}).

THEOREM. Let (G,M,I) be a context. Then H(G,M,I) is a complete
lattice, called the concept lattice [Begriffesverband] of (G,M,I)
in which infima and suprema can be deseribed as follows:

A (4;B;) = (N A;(DN 4‘1)'),
gof W gel 7 el

V (45,85 = ((N By , N Bj).
jes jes jeg

Conversely, if L is a complete lattice then L[ = X% (G,M,I) if and
only if there are mappings Y:G -+ L and w:M + L such that vG is
supremun-dense in L, uM is infimun-dense in L, and gIm is equi-
valent to yg = wm for all g € G and m € M; tn particular,

L= &(,0,5).

PROOF. Obviously, the relation < is an order on #H(G,M,I). Let
({-‘%J Bj) ¢ H(G,MI) for j € J. By the preceding proposition,

1 " =
jet AJ = (J‘EJ AJ) and (JQJ J) c Ajc Ak for each k € J wherefore

(J;QJ AJ)" = QJ AJ and hence ( EJ J’(JEJ AJ) } € &(G,M,I)- If

(4,B) ¢ ﬂ-(G M,T) such that (A B) = (AJ,BJ) for all j € J, i.e.

Ac Aj for all j € J, then A ¢ 'réJ 6" and hence

(4,B) = (ng Aj, (.n A-)'). Thus, (.M P J,(.ﬂJ ﬁj)') is the

infimum of the (A B ) {(F € J). The proof for the supremum goes
analogously. Now 1et ¢ be an isomorphism from Q(G M,I) onto a
complete lattice L. We define vg = o({g}",{g}') for g € G and
wa = p({m}' ,{m}") for m € M. Since A4 = gléjfl {g}" and B = mléIB {m}"

for every (4,B) ¢ f5(G,M,I), vG 1s supremum-dense in [ and pM is
infimum-dense in L, respectively. Furthermore,

gIm = {g}" c {m}' » yg < ym. Conversely, let L be a complete
lattice and let y:G + L and u:M - [ arbitrary mappings having the
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desired properties. We define a mapping ¢: B(G,M,I) + L by
¢(4,B) :=Vv4 for all (4,B) ¢ Xs(G,M,I). Obviously, ¢ is order-
preserving. For x € L, let px := ({g € Glyg = z}, {m € M|z = um}).
Since y&# is supremum—dense in L and pM is infimum-dense in L,
vylg € G[yg < g} = x = Ap{m € Mz < um}. Therefore, because of
gIm = yg = um, Yx is a concept of (G,M,I) and @Yx = x. Clearly,
(4,B) = ywp(4,B). As vg = VyA = um always implies gim, we even
have (4,B) = Yo(4,B). Furthermore, ¢ is order-preserving. Now,
we can summarize: ¢ is an isomorphism from #»(G,M,I) onto L and
Lp‘l = Y. If we choose G :=L, M =L, I ==, v and y as the
identity on L, we get L = &(L,L,Z).

For a finite lattice I with J(L) as its set of v~irreducible
elements and M(l) as its set of A-irreducible elements, the
theorem yields L = B (J(L),M(L),=), and the context (J(L),M(L),<)
is smallest with the property that its concept lattice is isomor-
phic to L. In general, the proposition and the theorem makes
apparent a dual situation which often gets a concrete meaning by
interchanging objects and attributes. Formally, we consider
(M,G,I-1) as the dual context of the context (G,M,I) where the
mapping given by (4,B) » (B,4) is an antiisomorphism from #(&,M,T)
onto JLa(M,5,I71).

3. EXAMPLES

Some examples may illuminate how contexts give rise to concept
lattices. The first example, a context of our planets, is des-
cribed by the following table (cf. [25]) in which crosses indicate
the relation between the objects and the attributes; the concept
lattice is represented by its Hasse diagram where the labels indi-
cate the mappings y and u of the preceding theorem.

Size distance Jrom sun maon

Small | medium | lavge hear {or yes no
Mercury x X x
Venus x % x
Earth X X b
Mars x * x
Jupiter * x x
Saturn x ® X
Uranus X * x
Neptune X % X
Pluto X x X
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The second example is taken from the German national division
of health and welfare (see Podlech [27]). The context indicates
which personal information is needed by law for the different
tasks of a local medical subdivision; tasks (objects) and inform-
ation (attributes) are the following: 1. confirmation of requests
for preventive care, 2. evaluations of regulations of insurance
benefits, 3. confirmation of incapacity to work to insure success
of treatment, 4. confirmation of correct diagnosis of incapacity
to work, 5. work preliminary to rehabilitation, 6. verifica-
tion of sickness, 7. advice to clients, 8. advice on general
preventives, 9. carrying on the statistics of the medical service,
a. name and address of the eclient ..., b. career history ...,

c. kind of membership ..., d. name of responsible agency ...,
e. family medical history, f. vocational educatiom ..., g. number
of certificates.

a | blc]d|e|f|qg
| X % X x | % | %
a3 X | x % X X X
3 % * x X x %
b | % x | x | x
g % X | % x | x x
) X 4 b4 e
7 b x X x X X
8
9 X X

The concept lattice of a task-information-context (G,¥,I) gives
a natural hierarchical classification of the tasks and makes
apparent the dependencies between information. But for certain_
purposes the concept lattice of the complementary context (G,M,I)
with ¥ := {m|m € M} and gIm :=—(gIm) is more suitable, for
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instance, if one wants to assign the tasks to different parties
such that the access to personal information is mostly limited.
Both lattices_are combined in the concept lattice of the dichotomic
context (G,MUM,IUI), and it might be interesting to analyse how
this lattice is dependent on the two smaller ones (cf. proposition
in ‘Section 4). Here we only present the Hasse diagrams with res-
pect to the context above.

complementary dichotomic

Experience has shown that concept lattices of “empirical
contexts which occur in rich multitude in many fields usually do
not belong to the mostly studied classes of lattices as those of
distributive, modular, semimodular, orthomodular etc. lattices.
The situation becomes different if we consider contexts in mathe-
matics (cf. Birkhoff [3]). For a set §, the concept lattice of
(5,5,#) is isomorphic to the Boolean lattice of all subsets of
S since (4,5\A4) is a concept of (§,5,#) for every A £ S8, Ifl is
the divisibility relation on the set ¥ of all natural numbers,
Lo(W,H,1) is distributive. Let V be a finite-dimensional vector
space, let V* be its dual space, and let alp o ¢a =0 for g € V
and ¢ € V*. Then #(V,V*,|) is isomorphic to the complemented
modular lattice of all linear subspaces of V. If § is a Hilbert
space and | its orthogonality relation, then Hr(H,H,|) is isomor-
phic to the orthomodular lattice of all closed linear subspaces
of H. TFor a variety U of algebras and the set Eq(V) of all
equations valid in each algebra of |/ , the concept lattice of
(V,Eq( V) ) is isomorphic to the coalgebraic lattice of all
subvarieties of V . Many further examples could be given. These
examples may suggest an extensive study of special classes of
lattices. Here we want to continue with the general approach.

We only mention one further class of examples which will be dis-
cussed more in Section 8: If (P,<) is a (partially) ordered set
then #(P,P,<) is up to isomorphism the Dedekind-MacNeille comple-
tion of (P,=).
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4, THE DETERMINATION PROBLEM

The concept lattice can be understood as a basic answer to
two fundamental questions concerning a context, namely the question
of an appropriate classification of the objects and the question
about the dependencies between the attributes. Hence an important
problem is: How can one determine the concept lattice of a given
context (G,M,I)? We get the most simple answer by forming (X",X')
for all X € G (or (¥',¥") for all ¥ < M. Of course, this method
is far too costly and should only be used to determine single
concepts. More successful, in particular if no computer is
involved, is the approach using the following formulas for
(4,B8) € Lo(G,M,I):

A= N {m' , B= 0N {g}' .
mes g&A

For instance, in the context of our planets one first determines
the extents {ss}', {sm}', {sl}', {dn}', {df}', {my}', and {m}';
then one gets all the other extents as intersections from those.
From the extents it is easy to obtain the intents. ¥For a larger
context one may use both formulas simultaneously.

For the use of computers, it would be desirable to have "good"
algorithms determining the concept lattice of a concept. Of course,
designing those algorithms one has to consider how the concept
lattice is handled afterwards. For instance, it might be presented
by its Hasse diagram (see Section 4), it might be used to establish
a measurement concerning the objects (see Section 8), or it might
be a tool for a description of the dependencies between the attri-
butes. In particular, one may elaborate the classification of
objects further in the line of cluster analysis {(for a recent
survey on cluster analysis see Bock [6]): TFor many contexts one
would like to have suitable partitions of the set of objects
whose blocks are extents, i.e. they can be described by attributes;
first experiences with randomly chosen contexts have shown that
there are usually few such partitions if the cardinalities of
their blocks are not becoming too small.

In certain situations, the determination problem can be
attacked by a structural method which idea is to construct the
concept lattice of a context by the concept lattices of some suit-—
able subcontexts. We recall that the order F of the direct product
of the two ordered sets (P,R;) and (P,R;) is defined by
(x1,%2)R(y1,y2) e xRy, and xpRpyz. The horizontal sum of two
bounded ordered gets (P;,R;) and (P,R;) 1s obtained from their
eardinal sum (P1UP2,H1URZ) by identifying the smallest elements
and the greatest elements of both ordered sets, respectively. The
vertical swm of (Py,R;) and (P,,R;) is obtained from their ordinal
sum (PlUPz,R1UR2UP1XP2) by identifying the greatest element of
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(P1,R)) with the smallest element of (Ps,R;).

THEOREM. Let (G1,M1,11) and (Go,Mp,Ip) be contexts with GiNGy; =

MMy = @, Gp =9 and My = § for © = 1,23 let Ly := %(G;,M;,I;)
for i = 1,2. Then

(1) (6062 ,m0M, ,T107,) is isomorphic to the horizontal
swn of In and Lo,,

(2) & (610G, ,M\UM, ,T UL UG >Me) is isomorphic to the
vertical swy of L1 and La,

(3) B 1UGo  MyUMy , T, 0,061 xMp0Go xMy) s isomorphie to
the direct produet of Ly and Lj.

PROOF. (1) Obviously, (4;,B;) with § # A; C G; and § ¢ B, C M,

is a concept of (G UGy ,M UM, ,T1UT,) if and only if it is a concept
of (Gy,M;,Iz) (£ =1,2). If A cC ¢1UG, and ANG; # § for © = 1,2

then A" = $ and hence 4" = G UGy; furthermore §" = @i. This proves
(1). . . ..

(2)  (G1UG2 M UM , T 1UT,UG 1 xMy) has exactly the concepts (8,6,UG,),
(Al,BluMz) with .41 * ﬂ and (1—11,31) € x"'(leMlsIl)s and (AQUGI,Bz)
with A f ¢ and (45 ,;‘-32).6 Iy(gz,Mz 2.

(3) (G1UGo ,M1UMy ,I]_UIzUG]XMzUGzXMl) has exactly the concepts

(A U4, ,B1UB) with (41,B1) € x&(G'l,Mx,Il) and (45,B7) EI}(Gz,Mz,IQ}.

In cases where the preceding theorem cannot be applied, one
may still reduce a given context to smaller contexts to apply the
following proposition which can be easily verified using (3).

PROPOSITION. Let(G,M,I) be a context, Let {Gj[j € J} be a parti-
tion of G, and let {Mg|k € K} be a partition Of M. Then

(4)  a A-embedding of £(G,M,I) into the direct product of
the £H(G;,M,INGixM) (j € JHis given by
(4,8) > {ANG7,(ANGH ") 2

(4') a V-embedding of Sf5(G,M,I) into the diveet product of
the £(C,M, ,INGxMy) (k € K) ie given by
(4,B) » ((BNM)' BOM) 1 xr

One hint is to apply (4) and (4') several times to reach sub-
contexts whose concept lattices can be easily determined; then in
the direct product. of these lattices one may find the images of
the concepts cof the original context under the order embedding
given by (4) and (4'). The concept lattice of a context (G,M,I)
is a chain if and only if G and M can be linearly ordered such
that I becomes an order filter in GxM. Thus, in the light of the
described procedure, it might be a challenging problem to find
for a given context (G,M,7) the smallest number of applications
of (4) and (4') which yields an order embedding of ¥+(G,M,T) into
a direct product of (two-element) chains.
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5. THE DESCRIPTION PROBLEM

Connected with the description problem is the basic problem:
How can one describe the concept lattice of a given context
(G,M,I)? "Good" solutions of this problem are helpful for further
analysis and communication, especially with non-mathematicians.
The most communicative description is given by Hasse diagrams.
If we label in a Hasse diagram of %(G,M,I) the circle representing
({g}",{g}') by a name for g (g € () and the circle representing
({m}",{m}") by a name for m (m € M), as in the examples in Section
3, the diagram retains the full information about {(G,M,I) because
gim is equivalent to ({g}",{g}') = ({m}',{m}") by the theorem in
Section 2. Although Hasse diagrams are frequently used, it is
surprising that there is no "theory of readable Hasse diagrams".
Drawing a Hasse diagram is still more an art than a mechanical
skill that even a computer can work out. Because of the absence
of a theory, we shall only discuss the development of a Hasse
dlagram by an example.

As an example, we consider the context of human Rhesus blood
types by Wiener and Wechsler (see Diem, Lentner [13]). Its objects
are the 28 Rhesus phenotypes which have been established up to
1956, and its attributes are the following seven test serums:

a. Anti-Rhy, b. Anti-rh", c. Anti-rh", d. Anti-rh'¥, e, Anti-hr',
f. Anti-hr", g. Anti-hr. The symbol + in the table below indicates
when a blood type reacts positively with a

test serum; no reaction is indicated by the - f = 3 _% j_ :
symbol -. We analyse the context as a ; o s e ra [ S
dichotomic context (cf. Section 3), i.e. T Y R N
we split each attribute x into the two Y -+ =f+|++]+
attributes o+ and x-. The concept lattice 2 S ol el o Ml ol
of the dichotomic context is represented ! (55 3 7 5 A
on the next page by a (partial) Hasse 8 Il =alwl=
diagram in which several line segments 9 0= +|+|<|+|+|+
are left out to allow easier reading. L ) o e el o i
Besides the circle representing the least L1V o o ] o et e
element, the diagram consists of three :;' = I‘:_ oy e P
congruent components. If one moves the W =] +|+]+]~+]=
component above to one of the components 15 [+|~|=]~[+[+][+
below parallel along the line segment 16 R4l —l+l5]+
joining the top circles, then the traces L7l ol el e ol
of the circles will just add the missing :z I I = _':'_ :' _t *
line segments between the two components. 20 +|=lxl=l+]+]+
Analogously, one has to move the sub- 2l f+f=]+l=1+]-1-
components in each component parallel 22 J+|plb]— |+
along the joining line segments; but the 13 Tt e B B >
trace of a circle is a missing line ;"5 5 P i ) S I
segment only if the circle reaches 26 |+l +|+]|=-]=]~]=
another. To get more familiar with the 27 [+ +f+l+]+]+]~
diagram, one may do the exercise to find L 20 M o] St ol o o
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out which attributes are dependent on {a-,c+,g9+}, i.e. contained
in {a~,e+,g+}" (take the meet of the elements labelled by a-, o+,
and g+, and list all labelled elements above this meet: the
result will be {a-,e+,g+}" = {a-,c+,d-,e+,f+,9+}). The develop-
ment of the Hasse diagram representing 286 elements has followed
the scheme: Search for a suitable chain IxL =: Ryp23R)2ED...0R,:=
idy, of equivalence relations with convex equivalence classes on
the lattice L such that [a]R;_;/F; has dimemsion = 3 for all

a €l and 2 =1,...,m. In our example we have » = 3; L/R; and
(1]R1/R; may be represented by the following Hasse diagrams:

Besides the description by Hasse diagrams, there are other
useful methods for describing concept lattices. For instance, a
concept lattice might be completely determined by some relative
sublattice {e.g. its scaffolding) which can be diagrammed (cf.
Wille [39]). A rich multitude of descriptions arises from the
general idea of measurement which especially leads to numerical
representations; this will be discussed further in Section 7.

6. FROM STRUCTURES TO CONCEPT LATTICES

Data models are often not contexts as defined in Sectiomn 2,
i.e. relational structures with only unary relations; they fre-
quently use many-placed relations and operations. Nevertheless,
it is also desirable to have hierarchies of concepts for arbitrary
relational structures available. TFor this, the general scheme is
to derive (unary) attributes from the given structure and to form
the concept lattice of the context consisting of the elements of
the structure and these derived attributes. For instance, an
n-ary relation R on a set G may be resolwved into unary relations

defined by R (x) =

(G1sesGi-11Gi+1 50+ 2gn)
R(gls“'sg‘i—lsmsgi+1ﬂ"sgn)' where (91-,---s91:—1s911+1:--an) € gr=x
and ¢ € {1,...,mn} The derivation always depends on which concepts
will be of interest with respect to the data. In this section we
restrict our considerations to structures of '"momimal character";
further structures are discussed in Section 7.

In many situations, the term "attribute'" has an even more
¥ s
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general meaning, i.e. an attribute may allow several values instead
of one. A person may have any one of several values for the attri-
bute "profession", for instance, "artist", "bus driver", "carpen-
ter", etc.; there are also people with no profession (no value).
We capture the general case by the definition of a many-valued
context which is a quadruple (G,M,W,I) such that G, M, and W are
sets, and I is a binary relation between G and M=K where

gIGn,w) and g7(m,wy) always imply w; = wp; the elements of G,

M, and ¥ are called objects, (many-valued) attributes, and
attribute values, respectively. If gI(mw) for g ¢ G, m ¢ M,

and w € W we say: the object g has value w for the attribute m.
1f |W| = n then (G,M,W,I) is called an n-valued context. A one-
valued context can be considered as a context as defined in Section
2. Now, in the case where the attribute values are understood as
nominal data, we suggest the derivation to "one-valued" attributes
by just taking (G,MxW,I) as the derived context; let us indicate
this case by calling (G,M,W,J) a nominal context. Hence, for a
nominal context (G,M,W,I), its concept lattice is just

L (G,MxW,I). In this setting, the context of our planets in
Section 3 can be understood as a nominal contexc with M := {size,
distance from sun, moon} and W := {small, medium, large, near, far,
yes, no}. The dichotomic contexts turn out to be always 2-valued
nominal contexts.

It is common to assume that an n-valued context (G,M,W,I) is
ceomplete, i.e. for every g € G and m € M there exists aw € W
with gI(m,w); complete n-valued contexts are just a translated
version of "relational data models” (cf. Date [9]). For attacking
the determination problem and the description problem, the
knowledge of special properties satisfied by the concept lattice
of a complete nominal context is helpful. For a characterization
of the concept lattices of complete nm~valued nominal contexts the
following definition is used. An element d of a complete lattice
L has valence n if n is the smallest cardinality of a subset D of
IN{0} containing d which is maximal with respect to the property
that zAy = 0 for all x,y € D with & # y. Recall that a lattice
is atomistic if each lattice element is a supremum of atoms.

THEOREM. A complete lattice L is isomorphic to a concept lattice
of a complete n-valued nominal context if and only if L is
atomistic and has an infimum-dense subset of elements of

valence = n.

PROOF. We assume that [ has the desired properties. Let 4 be

the set of all atoms of L and let A(b) := {a € 4|a = b} for b € L;
furthermore, let ¥ be the set of all elements of valence < » in

L and let W be a set with |W| = n and 1 € W. For each m € M there
must be a subset Wy, of W with 1 € Wy, and an injective map i,:Wy + L
such that 1,1l = m and {A(mmw)[w € Wyl is a partition of A. For

a €A, m €M, andw € W, we define al(m,w) if and only if w € Wy
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and @ = 1pw. Since {‘nP|m € M and w € Wp} is infimum-dense in

L and A is supremum-dense in L, L is isomorphic to H(4,M<W,I) by
the theorem of Section 2 where (4,M,W,I) is a complete n-valued
nominal context. Conversely, let (G,M,W,I) be a complete n~valued
nominal context. If {g;}" # {g2}" for g1,92 € G, then w.o.l.g.
there exists an (m,w) € Mxi with giI(m,w) but not gpI(m,w). By
the completeness, there 1s a @ € W with gpI(m,w). Now,

{(mw)}' N {(mw)}' = @ implies {g1}" N {go}" = P. Hence

{{g}"|g € G} is a partition of G. Thus, ¥s(G,MxW,I) is atomistic.
Obviously, a concept ({(m,w)}',{(mw)}") has valence = n in
Ya(G,MxW,I) for all (m,w) € MxW. Since the set of all these con-
EEpts is infimum-dense in the concept lattice, the theorem is
proved.

COROLLARY. A finite lattice L is isomorphic to a concept Lattice
of a finite complete n-valued nominal context if and only if L
i8 atomistic and every A-irreducible element of L has valence = n.

COROLLARY. A finite lattice L is isomorphic to a concept lattice
of a finite complete 2-valued nominal context if and only if L

is atomistic and every A-irreducible element of L has a pseudo-
complement.

The concept lattice of a nominal context (G,M,¥,I) only
clarifies the dependencies between the "one-valued'" attributes of
MxW but not the dependencies between the many-valued attributes
of M which are in general defined as follows (since the elements
of M can be understood as partial maps from G into W, we write
mg = w instead of gI(m,w)): For m € M and B < M, the attribute
m is dependent on B if mg, = mg, for all g,,g», € G whenever
ngy = ng, for all n ¢ B or equivalently, 1f there exists a mapping
a:WB » B such that “(”QJnEB = mg for all objects g for which ng
is defined for all n ¢ B (special dependencies as monotone, linear,
quadratic, etc. usually refer to restrictions on the mappings a).
The closed subsets of M with respect to the defined dependence
are exactly the intents of the context (GxG,M,~) where
(g1sg2) ~m i@ mgy = mgp. Here lattices of (partial) equivalence
relations arise.

7. MEASUREMENT

Numerical descriptions of concept lattices may be viewed as
a part of that area concerned with the measurements of objects.
Concept lattices may even arise from many-valued contexts whose
attribute values are numerical; there the attributes can be
understood as some kind of measure of objects. The common theory
of measurement defines a scale (measure) to be a (relatively
closed) homomorphism from an empirical relaticnal structure into
a numerical relational structure (cf. Pflanzagl [26], Krantz, Luce,
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Suppes, Tversky [20], Roberts [31]). 1In our approach, it is
desirable to have a type-free notion of measure (instead of the
type-fixed notion homomorphism) wherefore we separate the notions
of scale and measure. A scale is defined as a numerical context

% = (Gg,My,Iy) where Gy is a set of numbers or number-valued
functions. Then a L-measure of a context (G,M,I) is a mapping

u from G into Gy such that u'%ﬂ is an extent of (G,M,I) for every
extent 4 of I} p is called full if y~! induces an isomorphism
from the concept lattice of (uG,My,IyNuGxMy) onto £ (G,M,I).

The description problem appears now within the representation
problem which asks for (full) Z-measures of a given context into
an appropriate scale I. Paradigms for scales are the real ordinal
scale Ip = (P,kb,e) with My := {(—m,r]|r € R}, the real interval
seale Ly := QP,MI,E) with My = M, u {{P—S,P,P+8}|P € R, s € B},
the real ratio scale Lp := {E,M ,€) with

Mp = My U {{r:s,r,r-s§]r €ER, s € ﬁ*}, and their multidimensional
analogues.

Our setting of measurement provides a general scheme for
deriving a context from a many-valued context (G,M,¥W,I). If an
attribute m € M is understood as a map into a scale §, then we
propose to resolve m into the set {m}xM; where an object g €@
has the attribute {(m,n) for n € My if g € m1{n}'; this transla-
tion guarantees that m will be a f-measure of the derived context.
For instance, if all attributes in M are maps into the real
ordinal scale 1;, we obtain the context (G,MR,I<) where
gI<(my») := mg = r; in such a case, we call (G,M,W,I) an ordinal
eontext. The embedding of ¥s(G,MdR,7<) into E‘ﬁ! will be discussed
in a more general frame below.

A main question in the theory of measurement is whether a
g-measure y; of a context {(G,M,I) is wnique in the sense that for
every I-measure py of (G,M,7) which admits a bijection B:ipgG -+ G
inducing an isomorphism between the corresponding concept lattices
and satisfying Bgug = u, there exists a bijection ¢:G; » @
which induces an automorphism of &(r) and extends g. This indi-
cates that the representation problem also leads to a study of
automorphisms of concept lattices. For instance, the automor-
phisms of the concept lattice of I,, Z7, and Iy are induced by
the order automorphisms, the positgve affine mappings, and the
positive linear mappings of /f, respectively (the set of all
permutations of Gy inducing automorphisms on Zy(z) is usually
considered as the scale type of 1).

How lattice-theoretic developments are connected with a
systematic study of the representation problem may be demonstrated
in the case of order measurement. Let (Q¢)4ep be 2 family of
complete chains {of numbers) and let ¢ be the direct product of
the g; (¢ € T); then q. := (Q,0,=) 1s called an order scale of
dimension |T| and of length 1(Q). Since @ is a complete lattice,
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the mapping given by x+ ((x],[x)) 1s an isomorphism from f onto
¥5(0<) by the theorem of Section 2 (we recall that (x] := {y|y < x)
and [2) := {z|x = z}).

PROPOSITION. For a full Q<-measure u of a context (G,M,I), let
w(4,B) :=Vid for all (4, B) € #5(G,M,I). Then the mapping given

by uw u 18 a bijection from the set of all full Q<-measures of
(G,M,I) onto the set_of all V-enﬂaeddzngs of &H(G,M,I) into R

in partieular, wg = u({g}",{g}") for all g € G.

PROOF. If u is a full Q<-measure of (G,M,I) then an isomorphism
from £H(G,M,I) onto £ (uG,2,5) is given by (4,B) » (pd,(1d)"); in
particular, ud is an extent of (uG,R,<) for each extent 4 of
(G,M,I) and therefore (Vud] M uG = pd. Thus, u is injective.

Let (Aj,BJ-) € Ly(G,M,I) for j € J and let a := j¥J VuAJ'. There

exists a concept (4,B) of (G,M,I) with pd = (a] N u@&. Since
a = VuC for every concept (« D) of (6,M,I) while ‘%/J (4;,B5) = (C,D

it follows (4,B) = .¥ (47,B;). Hence ¥ is a V—embedding of

£(G,M,I) into Q. Since (ug]l N uG is the smallest extent of

(u@ Q,E) containing g (g € &), we have (ug] N uG = u{gl" and

hence ug u({g}",{g}'). Now, let 1 be a V-embedding of ¥%(G,M,I)
into Q. We define 1g := 1({g}",{gl’') for all g € G. Let A be

an extent of (G,M,I). Obviously, (ViA] N 16 2 14. Let 1g = = Vid,
Because of V14 = 1(4,4'), it follows 1({g}", {H} ') = 1(4,4") and
hence ({g}",{g}") = (4,4') wherefore g € 4 and tg € 14. Thus,
(Vi4] N 1G = 14, This means that 1 induces an injective map from
&(GMI} into #(1G,2,5). Let a € 2 and let 4 := 1~!(qg] =

{g ¢ G[l({g}" {g}") = a} Then 1(4",4') = W{({g}",{g}")|g € 4} =
vii({g}",{g}" )|g € A} =a which implies A = A". Therefore 1 is

an {i<-measure of (G,M,I) and induces a bijective map from %(G,M,I)
onto ¥%(16,9,< - Obviously, (4,B) = (C,D) implies 14 C 7
Conversely, if 14 € 1C then 1(4,B) = 1(C,D) and hence

(4,B) = (C,D). Now we can summarize that 1 induces an isomorphism
from f5(G,M,I) onto_ &Er(lG 2,2), i.e. v is a full Q<-measure of
G,M,I). Finally, pg = u({g}" {g}’) = vulgl" = ug for each full
Q<-measure u of (G MI), and 1(4,8) = V4 = vi1({g}",{g}")]|g € 4} =
WI({g}",{g}") |g € 4} = 1(4,B) for each V-embedding 1 of ¥»(G,M,I)
into Q. This finishes the proof of the propositioa.

By the preceding proposition, full order scaling can be
analysed purely lattice-theoretically. For instance, the smallest
dimension of an order scale Q< which admits a full Q<-measure of
(G,M,I) equals the V-dimension of Xe(G,M,I) which is defined as
the smallest number of complete chains whose direct product
admits a V-embedding of the lattice. The smallest length of such
an order scale is given by the V-rank of £(C,M,I) which is defined
as the smallest length of a direct product of complete chains
which admits a V-embeddine ~f the lattice. The following theorem
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gives a basic analysis of V-embeddings into direct products of
complete chains in the case of finite lattices (cf. Lea [22],
Ritzertc [291).

THEQREM. Let L be a finite lattice. If x := t €T} is a
partition of M(L) into chains then $:L > tET(CtU%lL}) defined by

Ra := (af) per with ap := min{c € ciU{1r}|a = ¢} is a V-embedding.
If \:L + @ 8 any V-embedding in a direct product of complete
chains then there exists always a partition y = {C |t € T} of
M(L) into chains and a V-homomorphism x from Q onto tET(CtU{lL})

such that « maps M(Q) U {1a)} onto M(tET(CtU{lL}))U {1xc,} and
% = xo1.
PROOF. Since every element of [ is a meet of A-irreducible ele-
ments, ¥ is injective. Obviously, azvby = (a\fb)} for all q,b € L

and t € T. Thus, ¥ is a V-embedding of I into tET(CtU{lL}).
Let @ := sgs fig and let Tgifl + Qg the canonical projection for
5 € 5. 1f mgjia= 1.b% and a = b® for a € M), s € S, and
b8 € L, themn 1a= A 1b® and hence a = AS b% wherefore a = b®

for some 5 € 5. Tﬁig, there exists an iggective map o:M(L) > §
such that wg,1a = g b implies @ = b for all a € M(L) and b € L.
M(Q) contains exactly one element Mgy with Ty Mg = Tgqra for
each a € M(L). 1If ca = ob and mgyy < mgp for a,b € M(Z) then

a < b, because otherwise we would have p < avb but nyp;1b =
Trﬂbl(a\/b)- Now, let (g, be the chain consisting of all elements
b € M(L) such that my, and mgp are comparable in f; furthermore,
let T := oM(L). Then ¥ := {Ci|t € T} is a partition of M(L) into
chains., For x € {l we define xx := (xg) geq with

xy 1= min{b € CtU{ILHw‘: Msp} where Mg1r = lp- Again,

TpVY VAN = (ovyvav. .. )y for all x,y,2,... € @ and ¢ € T}
hence ¢ is a V-homomorphism. Obviously, «x{(M(Q) U {15}) =

M(th(CfU{lL}))U {1xp,} and « is surjective. If 1a = my for

a €L and b € M(L) then a < b, because otherwise we would have
b < avb but mgp1b = mgpi(avd). Therefore (1a): = a, for all
a € L and £ € . Hence % = ko1,

For the first assertion of the following corollary we used,
of course, the theorem of R.P. Dilworth on the width of ordered
sets [14].

COROLLARY. For a finite lattice L, the V-dimension of L is equal
to the width of M(L) and the V-rank of L is equal to the cardina-
1ity of M(L).

COROLLARY. A finite context (G,M,I) admits a wnique full Q<-

measure with Q@ = %, 9 if and only if there is exactly one
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partition {Ci|t € T} of M(L) into chains such that the length of
0y ©8 equal to the cardinality of Cy for all ¢ € T; then, in
particular, the dimension and the length of the order scale Q<
will be equal to the width and the cardinality of M{¥(G,M,I)),
regpectively.

To end this section, we apply the results of our lattice-
theoretical analysis to a simple example of an ordinal context.
The context below is the list of the general grades on conduct
(c), diligence (d), attentiveness (a), and orderliness (o) given

cldlalo to a class of the Ludwig-
Georgs—Gymmasium (Darmstadt)
fnna |8 )5 Lt for EheGZrinter term 1980/81
B“.e'"i 31413 & (the best grade is 1).
C?“"st"' AL L The concept lattice has
Dicter 1 1111 |1 eight A-irreducible ele-
Ermst 2222 ments, namely vR, v¥, vI,
Fritz_J2[1]2(2 ABWO 343k Y&, v, YF, yO, and yD;
Gerda |2 ]|212]3 its width is two. Thus,
Hoest 12 (2]2]3 the smallest dimension
Ingo\f f2]3[3]2 (length) of an order scale
Jurgen, f2 (2|3 |2 fi< allowing a full Q=-
Karl [2]3]2lz2 measure is two (eight);
Limda 2|tl2]2 for instance, one may take
Moanfred | 2 |22 |2 as chains
Norbert| 3|3 2|3 SENEEyRaR {yA,YR,YN,YG,yF,y0,yD} and
olge. ililzla oy . {v4,yI,vJ}. Since the
Powl L concept lattice has an
i Llzlzla quditian automorphism interchanging
A-irreducible elements,
Rudsf | 14132 DPSTXAlI1} the context admits no
Sbejan $OLLLE unique full Q<-measure
Tit B Lol ol of dimension two. Surpri-
Uto. LIt a2 singly, only the order
Volker 12(2]3]2 scale built out of eight
Walker 3% |3 % chains of length one admits
Xaver J L]0 |1 [ a unique full Q<-measure.
2ova, j2|2/2)2 In spite of the missing

uniqueness, the conclusion
seems reasonable that the given data are two-dimensional with even
cne main dimension. In general, it may be fruitful to explore
whether the described order measurement can be used as basis for
a factor analysis of ordinal data (cf. Rummel [32]).

8. COMPLETIONS OF PARTIAL CONCEPT LATTICES

Up to now, it was always assumed that the concept lattices
are derived from known contexts. But in many situations one has
only a vague knowledge of a context although many of its concepts
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are fairly clear. For instance, it seems to be impossible to
write down a comprehensive context of musical instruments, but
everyone uses concepts as violin, trumpet, guitar, string instru-
ment, etc. and meaningful sentences such as "a violin is a string
instrument”. In such cases of concepts of a vague context we
have a modified determination problem: How can one extend a
parttal lattice of concepts to a complete concept lattice of some
context? The following theorem (see MacNeille [23], Schmidt [34])
describes the smallest solution, usually called the Dedekind-
MaelNeille completion.

THEOREM. For an ordered set (P,<) an embedding \ of (P,=) into
#(P,P,=) is defined by 12 := ((x],[x)) (x € P); especially,

WY = MY and WX = aX if N and VX exist in (P,=), respectively.
If ) is any embedding of (P,=) into a complete lattice L then there
exists an order embedding « of %(P,P,<) into L such that ) = ko1.

PROOF. By definition, the concepts of (P,P,=) are exactly the
pairs (4,B) such that 4,B C P and A' = {x € P|lxz = y for all y € B},
B' = {y € Plz =y for all x € A}; in particular, ((z],[x)) with

x € P are concepts of (P,P,=) what confirms 1 as an embedding.

If AX exists in (P,=), then (AX] = qu (x] and hence 1AX =

((AX],[AD) = (mQX (x],(mgx (x])") = MX by the theorem of Section

2; the assertion for VX is proved dually. Now, let A be an
embedding of (P,<) into a complete lattice L. We define

k{A,B) := VM for (4,B) € ¥ (P,P,<). Obviously, A = gor. If
k(41,81) = k(4p,B2) then VM) = VM, = Ab for all b € B; and hence
b € A] = B, for all b € B, because A is an embedding. Thus,

By 2 By and therefore (43,B1) = (42,B2); in particular, this
includes the injectivity of «. Since « is order-preserving, x is
the desired order embedding.

Instead of closing a partial concept lattice to its smallest
completion, one is usually more interested to unfold the concepts
as far as possible to reach a rich context. Since meet and join
are the fundamental operations for concepts which may produce new
concepts from known ones, they form a natural tool for the desired
extensions. For instance, we may start with some known concepts
of musical instruments; then we try to produce new concepts by
forming various meets and joins and to separate them by listing
more and more objects and attributes. Such a procedure would
follow the free generating process in a lattice. Unfortumately,
the common set-theoretical language does not allow us to speak of
a "free complete lattice'"; hence, there 1s in this sense no
largest solution of the modified determination problem available.
But if we strictly bound the cardinality of subsets of which meets
and joins are taken by some fixed cardinal number o, then there
exists a lattice freely c-generated by a given partial concept
lattice (see Crawley, Dean [7]); for the final completion omne may
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use the preceding theorem. Now, these large solutions of the
modified determination problem give rise to a modified description
problem: How can one describe a latiice freely o-generated by a
partial lattice? The common answer uses lattice terms to describe
the lattice elements and gives a procedure how the order of the
lattice can be derived from the describing terms (see Whitman [37],
[38], Dean [10], Crawley, Dean [7], Jonsson [19], Lakser [21],
Gratzer, Lakser, Platt [161).

Again, descriptions by Hasse diagrams are desirable. But it
seems that already a lattice freely (iip-) generated by three
unordered elements canncot be described by a readable Hasse diagram.
Nevertheless, many lattices freely generated by a partial lattice
can be "drawn''. So far, only the case of finite ordered sets has
been completely analysed (if one agrees that a lattice having a
sublattice freely generated by three unordered elements does not
have a readable Hasse diagram). Those finite ordered sets whose
free completicns can be '"drawn" are characterized by the theorem
below (see Rival, Fille [30]). It is surprising that all these
free completions can be embedded Into a lattice freely generated
by the six-element ordered set H; the Hasse diagrams of # and of
its free completion are on the next page. The Hasse diagrams of
all these free completions can be obtained by combining some of
the ten diagrams given in [30]. In the case where a free comple-
tion of a partial lattice cannot be "drawn", it is still interes-
ting to explore how far, following the generating process, the
Hasse diagram can be developed.

THEOREM. For a finite ordered set P the following eonditions are
equivalent:

(1) A lattice freely generated by P does not contain
a sublattice freely generated by three unordered
elements ;
(i2) A lattice freely generated by H has a subset
isomorphic to P which freely generates a sublattice;
(ii1) P containe no subset having one of the following
Hasse diagrams:
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8. FURTHER REMARKS

This restructuring of lattice theory does not pretend to be
complete in any sense. Many ties of lattice theory to its
surroundings have not been mentioned. A comprehensive develop-
ment of lattice theory should integrate and elaborate much more:
for instance, origins as in logic (cf. Rasiowa [28]}, connections
as in geometry (cf. Birkhoff [5]), interpretations as in computer
science (cf. Scott [33]), and applications as in quantum mechanics
(cf. Hooker [18]). Especially, its significance to other mathe-
matical disciplines which is still considered to be the main
source has to be clarified. Besides the interpretation by
hierarchies of concepts, other basic interpretations of lattices
should be introduced; an important rfle is already played by the
interpretation of lattic as closure systems. Feedback will
always be given by the cdmmunication with potential users of
lattice theory.

Coming back to the initial question: Why develop lattice
theory? we may conclude that there is no short answer. The
justification of lattice theory arises from its place in the
landscape of our culture In general.
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